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Spatial and temporal patterns of dissolved organic matter (DOM) were
characterized using a combination of spectro-fluorometric measurements and multivariate
analysis techniques. The study was conducted over a four-year (2012-2016) period in
multiple watersheds located in the Gulf-Atlantic Coastal Plain Physiographic region of
the southeast USA as well as in the Indo-Gangetic Plain of India. Surface water samples
were collected from five major lakes in the Mississippi, an estuarine region in the
southeastern Louisiana, and from the coastal region in the eastern Mississippi Sound in
the USA, and a large river (Ganges River) in India. Absorption and fluorescence
measurements were performed to generate absorption spectra and excitation-emission
matrices (EEMs). Using parallel factor analyses (PARAFAC), EEM models were
developed to characterize the biogeochemistry of DOM in three studies in this project.
Principal component analysis and regression analyses of DOM data indicated that the
northern Mississippi lakes were majorly influenced by agricultural land use, estuarine
region was affected by natural DOM export from forests and wetlands, while the coastal
waters were affected by a mix of anthropogenic and natural inputs of DOM. Spatial

analyses indicated that DOM derived from watershed with increased wetland coverage
was humic and aromatic while the DOM derived from agricultural watersheds was
bioavailable. Temporal patterns of DOM in the estuary indicated the influence of
hydrologic conditions and summer temperatures, and revealed strong seasonality in DOM
evolution in the watershed. During high discharge periods (spring), aromatic and humic
DOM was exported from the watershed while strong photochemical degradation during
summer resulted bioavailable DOM. Comparison between two river systems, a highly
urbanized large river and a small pristine river, indicated the influence of anthropogenic
inputs of DOM in the large river system. DOM was bioavailable during summer due to
anthropogenic activities in the large river system while it varied with hydrological
connectivity in a small river system during summer and winter. In conclusion, this study
has improved my understandings of the DOM properties, which are critical for a
comprehensive assessment of biogeochemical processes undergoing in important water
bodies on which our society is heavily dependent upon.
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CHAPTER I
INTRODUCTION
Dissolved organic matter (DOM) is a complex heterogeneous mixture of organic
molecules composed of humic (e.g., humic and fulvic acids) and non-humic (e.g.,
carbohydrates and amino acids) substances and is abundant in aquatic environments
(Coble 2008; Fellman et al. 2010; McKnight et al. 2001; Thurman 1985). DOM plays an
important role in modifying water quality through various biogeochemical processes
(Aiken et al. 2011; Bolan et al. 2011). It also plays a vital role in terrestrial and aquatic
ecosystems by serving as carbon and energy source for the microbial food web (Bano et
al. 1997; Findlay 2010), and by absorbing damaging ultraviolet radiations in order to
protect benthic ecosystems (Vahatalo and Zepp 2005; Zepp et al. 2006). Nitrogen and
phosphorous compounds of DOM (i.e., DON and DOP) can become bioavailable and
stimulate algal growth or eutrophication in aquatic ecosystems (Boyer et al. 2006; Qualls
2013; Schrumpf et al. 2006; Wagner et al. 2008; Williams et al. 2006). DOM interacts
strongly with pollutants and trace metals, thereby enhancing their water solubility and
transport (Aiken et al. 2011; Jansen et al. 2014). Understanding of chemical composition
of DOM is imperative to understand the contributions of DOM in biogeochemical
reactions and transport of pollutants and their role in regional and global carbon and
nutrient cycles (Aiken et al. 2011; Coble 2007, 1996; Cory and McKnight 2005). Spectral
properties (absorption and fluorescence) of DOM are related to its molecular
1

arrangements and chemical nature, and these spectral characteristics have been used to
trace DOM origin, chemical composition, and photo- and bio-chemical reactions and also
to understand carbon and nutrient cycles in aquatic ecosystems (Cory et al. 2011; Fellman
et al. 2010; Murphy et al. 2013; Stedmon et al. 2011).
Characterizing DOM constituents and determining their concentration has been
difficult using traditional laboratory techniques since the analytical methods are
laborious, time-consuming, expensive, and require large sample throughputs (Fellman et
al. 2010; Leenheer 2009; Leenheer and Croué 2003). However, recent application of
ultra-violet (UV) and visible (Vis) absorption and fluorescence methods allow for rapid
characterization of DOM quality using small sample amounts (~ 4 mL) and can be
especially useful for characterizing the DOM composition for large numbers of samples
generated from watershed studies (Cory et al. 2011; Jaffé et al. 2014; Singh et al. 2014b).
Three dimensional excitation-emission matrices (EEMs) of fluorescence measurements
provide information about DOM quality and quantity in terms of its source, age,
compositional structure and bioavailability and indices derived from these optical
methods can also serve as tracers for identifying the sources and flow paths for DOM in
watersheds (D’Amore et al. 2010; Fellman et al. 2008; Hood et al. 2006; Singh et al.
2015, 2014a, 2014b). Some of the optical indices that have recently been used include:
specific ultra-violet absorbance (SUVA; Weishaar et al. 2003), spectral slope ratio (SR;
Helms et al. 2008), humification index (HIX; Zsolnay et al. 1999), biological index (BIX;
Huguet et al. 2009), fluorescence index (FI; McKnight et al. 2001), and %protein-like
components (Fellman et al. 2008) derived from fluorescence-based excitation emission
matrices.
2

In addition to absorption and fluorescence measurements, a multivariate statistical
technique, parallel factor (PARAFAC) analysis is a unique and emerging technique to
decompose three-dimensional EEMs data into underlying meaningful fluorescence
components (Murphy et al. 2013; Singh et al. 2015; Stedmon et al. 2003; Stedmon and
Bro 2008). These independent fluorescence components reflect various dissolved organic
compounds in a given water sample. While the understanding of optical indices for
characterizing DOM composition is new and promising, its use is still in its infancy, and
much research still needs to be conducted to allow for reliable assessment of DOM. One
of the key needs include development of more reliable and site or region-specific
multivariate statistical model (i.e., PARAFAC) for extracting biogeochemically
meaningful results from fluorescence EEMs. For example, currently there is one
PARAFAC model (Cory and McKnight 2005) that is being implemented across various
sites, regions and ecosystems in the world to characterize DOM. Ideally, site or regionspecific models need to be developed that would account for the variability and
uniqueness of DOM for the region or ecosystem under study (Fellman et al. 2009; Larsen
et al. 2010; Singh et al. 2013). In addition, it is especially critical that the biogeochemical
information derived from optical indices be evaluated or corroborated using independent
analytical methods. For example, the bioavailability of DOM derived from optical indices
needs to be verified through direct determination of DOM decomposition by
photochemical processes or consumption by microbes (Chen and Jaffé, 2014; Fellman et
al., 2008). This dissertation addresses these important questions. The EEM-PARAFAC
models that were developed in this research are the first attempt for both Mississippi,
covering multiple aquatic ecosystems, and for a large river system in India, and will
3

potentially be applicable to characterize DOM for watersheds in these two distinct ecoregions.
The present study is divided into three main chapters, each dealing with specific
objectives as documented in these chapters. Briefly, chapter two focuses on the influence
of land use and land cover on the spatial variability in DOM in multiple aquatic
ecosystems (e.g., lakes, estuaries, coastal waters). Chapter three is centered on the
temporal variability of DOM in the lower Pearl River estuarine region to examine
seasonality in the DOM character as the hydrologic discharge conditions and temperature
levels change. DOM character changes with the size of the water body as many
biogeochemical processes affect the transformations in DOM. In addition, DOM
originating from natural or anthropogenic sources also influences its character differently.
In chapter four, the spatial and temporal variation in DOM character was compared for a
highly urbanized large river system (Ganges River, India) with a small but largely
unperturbed river system with minimal human influence in a different geographic regime
(Pearl River, USA). The present work is the first study focusing on the characterization of
DOM in multiple aquatic environments in varying geographic regimes and examining the
spatial and temporal variations in DOM quantity and quality. With the use of such DOM
dataset this study provides a comprehensive approach in understanding DOM dynamics,
which can be further utilized in order to better understand the DOM exports from variety
of watersheds in Mississippi, coastal Louisiana and at a primitive level to the Ganges
River, India. This study also serves as a basis for a need of long-term monitoring of DOM
exports and its character from such watersheds, especially in the light of predicted
climate change and increasing extreme weather events in the 21st century.
4

CHAPTER II
INFLUENCE OF LAND USE AND LAND COVER ON THE SPATIAL
VARIABILITY OF DISSOLVED ORGANIC MATTER IN
MULTIPLE AQUATIC ENVIRONMENTS1
2.1

Introduction
Dissolved organic matter (DOM) is a ubiquitous and heterogeneous mixture of

aliphatic and aromatic organic compounds ranging from simple organic molecules, such
as carbohydrates, lipids, and proteins to more complex organic molecules such as humic
and fulvic acids (Thurman 1985; McKnight et al. 2001; Qualls 2013). DOM is a general
term that is used to describe the dissolved organic substances as the materials that can
pass through the 0.45-micron filter paper while dissolved organic carbon (DOC) is a
major fraction of the total DOM pool (Aitkenhead-Peterson et al. 2003). DOM originates
either by autochthonous (in situ phytoplankton and macrophyte production and cell-lysis)
or allochthonous (degradation of terrestrially derived organic matter) sources due to
natural biochemical processes in terrestrial and aquatic environments (Hudson et al.
2007). DOM is involved in a variety of biogeochemical processes thereby influencing the
budgets of the transport of total carbon, nitrogen, phosphorous etc. from terrestrial
ecosystems to the aquatic environments such as lakes, rivers, estuaries, coastal waters and
1

Singh S, Dash P, Silwal S, et al (2017) Influence of land use and land cover on the
spatial variability of dissolved organic matter in multiple aquatic environments. Environ
Sci Pollut Res 24(16):14124-14141. doi: 10.1007/s11356-017-8917-5.
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open oceans, and hence is an important contributor to the global elemental cycles
(Stedmon and Markager 2005; Battin et al. 2008; Tranvik et al. 2009).
Water quality of the lakes and estuaries serve as the indicators of the overall
health of not only aquatic ecosystems but also the terrestrial ecosystems those drain to the
water body (Yamashita et al. 2008; Adrian et al. 2009; Tranvik et al. 2009). DOM
exported to lakes, rivers, and coastal waters from watersheds reflects their characteristics
and provide further insights into the origin of DOM (Cawley et al. 2014; Chen and Jaffé
2014). The quality of DOM reflects the biogeochemical processes (e.g., microbial
degradation) underway at the source, during transport, and within these aquatic
ecosystems, and the additional physicochemical processes such as photo-degradation in
the aquatic ecosystems (Bushaw et al. 1996; Moran and Zepp 1997; Maie et al. 2012).
For example, Tranvik et al. (2009) examined the mechanisms influencing DOM pools
and its transformations in lakes for expected climate change scenarios and have
concluded that lakes can serve as a sentinel of climate change especially in response to
anthropogenic activities. In addition, estuaries are considered as “hotspots” where DOM
plays a major role in influencing food web dynamics and net ecosystem metabolism
depending upon the quantity and quality of DOM (Leech et al. 2016). It also plays a key
role in transport and transformation of major contaminants and/or pollutants and their
reactivity with the environment. For example, DOM interacts with trace metals present in
its surrounding environment and affects its solubility and transport (Yamashita and Jaffé
2008). DOM influences the mobilization of heavy metals such as mercury (Schuster et al.
2008), aside from the formation of carcinogenic disinfection byproducts (DBPs) during
drinking water treatment (Kraus et al. 2008). Because the chemical character of DOM
6

(i.e., quantity and quality) influences numerous biogeochemical and physicochemical
properties of inland and coastal waters, which depends on the type of DOM in the
watershed or on the physicochemical processes it undergoes, it is important to understand
the DOM character in accordance with potential watershed sources (e.g., land cover such
as wetlands) for explaining and quantifying the DOM exports (Wilson and Xenopoulos
2009; Williams et al. 2010; Yang et al. 2011; Lottig et al. 2012; Kothawala et al. 2014;
Singh et al. 2014a). Thus, a clear understanding of the linkages of land use and land
cover to the aquatic ecosystems and the ongoing biogeochemical processes affecting the
DOM exports is warranted for a comprehensive analysis of the water quality.
Land use and land cover (LULC) plays not only a significant role in controlling
the quantity of DOM export, but also influences the quality of DOM via various
biogeochemical and degradation processes (e.g., bio- and photo-degradation) that may
potentially affect the lakes, rivers, and coastal waters (Bushaw et al. 1996; BushawNewton and Moran 1999; Jaffé et al. 2004; Maie et al. 2012; Chen and Jaffé 2014; Lu et
al. 2014; Toosi et al. 2014). Previous studies have shown that the composition of DOM is
affected by a range of environmental factors such as quality of soil organic matter,
hydrological pathways, temperature, land use and land cover, available light intensity,
and microbial metabolic activity within a given watershed (Bertilsson and Tranvik 2000;
Post and Kwon 2000; Wilson and Xenopoulos 2009; Cawley et al. 2014; Kothawala et al.
2014). For instance, Bertilsson and Tranvik (2000) have reported the production of low
molecular weight DOM with the variation in solar radiation in Swedish lakes. Wilson and
Xenopoulos (2009) have found that the land use changes could significantly alter the
delivery of DOM to streams in the watersheds of south-central Ontario, Canada region. In
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addition, a few studies have observed the spatial variability of DOM in stream networks
which has been attributed to varying hydrologic conditions during base flow and storm
flow periods (Buffam et al. 2001; Hood et al. 2006; Singh et al. 2015). Landscape
characteristics such as specific LULC types (e.g., forest, agriculture or urban) or
landscape features (e.g., presence or absence of wetlands) have been found as important
factors in influencing DOM quality (Brooks et al. 1999; Ågren et al. 2008; Wilson and
Xenopoulos 2009; Williams et al. 2010; Lottig et al. 2012; Toosi et al. 2014).
Previous studies have shown that DOM generated from microbial sources or from
in situ production (i.e., autochthonous) are considered as more “labile” while the DOM
generated from the degradation of vascular plants or soil materials from terrestrial
sources are generally “refractory” in nature (Qualls et al. 2002; Hopkinson and Vallino
2005; Tranvik et al. 2009). Because the quality of DOM determines how it would take
part in biogeochemical reactions, for example, whether the DOM will act as a terminal
electron acceptor from biogeochemical reactions or as a source of energy to both in situ
and ex situ ecosystem metabolism, the biochemical character of DOM quality needs to be
examined (Lovley et al. 1996; Mladenov et al. 2010; Cory and Kaplan 2012). Moreover,
these two DOM pools differ in their optical and chemical characteristics thereby affecting
the decomposition process pathways and rates. The bio-optical character of “labile”
DOM is that it absorbs less in the region of visible spectrum due to apparently lower
average molecular weight while allochthonous DOM is considered to be more
“refractory” and absorbs more ultraviolet (UV) and visible (Vis) light than labile DOM
owing to higher average molecular weight (Hopkinson and Vallino 2005; Helms et al.
2008). Therefore, to improve our understanding of the biogeochemical role of DOM in
8

inland waters and in the receiving coastal waters, it is important to study the DOM
composition and its associated environmental factors (e.g., LULC, hydrology etc.) at a
watershed scale.
Despite being an important optical constituent in defining overall water quality,
DOM has received little attention owing to its complex and heterogeneous structure
(Aiken et al. 2011; Qualls 2013). However, optical measurement techniques such as UVVis absorption and fluorescence spectroscopy have substantially contributed in gaining
important insights about the character and composition of DOM (Coble et al. 1990, 1998;
McKnight et al. 2001; Cawley et al. 2014; Chen and Jaffé 2014). Along with the
advances in instrumentation and knowledge about known DOM fractions, a multivariate
statistical modeling approach, parallel factor (PARAFAC) analysis, have been suggested
to augment the rapid identification of fluorescence derived excitation-emission matrices
(EEMs) of water samples for characterization of DOM in a range of terrestrial and
aquatic ecosystems (Stedmon et al. 2003; Stedmon and Markager 2005; Chen et al. 2010;
Singh et al. 2010; Singh et al. 2015). Previously many studies have utilized the EEMPARAFAC approach for DOM characterization in variety of terrestrial and aquatic
ecosystems (Chen et al. 2010; Yang et al. 2012; Toosi et al. 2014). While it has been
acknowledged in these previous studies that it is important for estimating the effects of
land use and land cover types on the DOM composition, there are limited studies
available utilizing a comprehensive approach to characterize and compare DOM quality
and quantity in multiple types of water bodies from watersheds with a variety of land use
and land covers.
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In the present study, the goal is to characterize DOM in multiple water bodies,
including inland lakes; an estuary; and coastal waters, located in the state of Mississippi,
USA. To my knowledge, this is the first study presenting a synoptic view of DOM
composition in Mississippi water bodies covering several types of water bodies and land
use and land cover types. The objectives in this study were (i) to develop a site-specific
PARAFAC model for characterizing DOM composition, (ii) to assess the spatial
variability of DOM in Mississippi’s water bodies, and (iii) to evaluate the relationship
between LULC and DOM character for addressing the following questions.
1. How do DOM character vary spatially in different types of water bodies?
2. How do nutrients (N and P) vary spatially and how they are correlated with DOM
character?
3. What are the major controls or factors (e.g., land use and land cover, photolysis,
etc.) that explain the DOM variability?
2.2
2.2.1

Methods
Sample collection and study sites
Surface water samples were collected from five major lakes in Mississippi

including Lakes Sardis, Enid, Grenada, Okatibbee, and Ross Barnett reservoir; the Lower
Pearl River estuary; and the eastern Mississippi Sound. Lakes Sardis, Enid, and Grenada
are located in the northern Mississippi, the Ross Barnett reservoir and the Lake Okatibbee
are located in the central Mississippi region while the Lower Pearl River estuary and the
Mississippi Sound are located in the southwestern and southeastern region of the
Mississippi coast, respectively (Fig. 2.1). Hence, the study areas encompass the major
types of aquatic environments ranging from lacustrine, riverine, and estuarine to coastal
10

waters. More details of the lake study sites and sampling protocols have previously been
described in Dash et al. (2015). The water samples from the lakes Sardis (LS), Enid (LE),
and Grenada (LG), and the Ross Barnett (RB) reservoir were primarily collected during
summers of 2012, 2013, and 2014. Lake Okatibbee (LO) was sampled only once during
February of 2015 while eastern Mississippi Sound (MS) was sampled in 2012 and 2013.
Lower Pearl (LP) River estuary was sampled during winter (December 2014) and spring
(March 2015). The water samples were collected and filtered through a 0.2-micron filter
paper (Millipore Inc., Billerica, MA, USA) within 2-3 h of water sample collection and
stored in a refrigerator at 4°C in 100 ml amber glass bottles prior to UV-Vis absorption
and fluorescence measurements. Dissolved oxygen (DO), pH, temperature, and salinity
were measured using a calibrated Hanna multi-parameter probe (HI9828, Hanna
Instruments, Woonsocket, RI, USA).

Figure 2.1

The study lakes, estuary, and coastal region along with the watershed
boundaries are presented in the map. Main river tributaries are indicated
with blue solid lines.
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2.2.2

Absorption spectroscopy
On the day of the analysis, water samples were kept outside refrigerator for a

period of two hours that allowed the samples to reach ambient room temperature prior to
spectroscopic analyses. The instrument was turned on and stabilized for 30 minutes
before the samples were analyzed. Absorption spectra were obtained between 200 and
750 nm at 2-nm intervals using the Perkin Elmer Lambda 850 double-beam
spectrophotometer (PerkinElmer, Inc., Waltham, MA, USA) equipped with 1 cm path
length quartz cuvette (~ 4 ml) and 150 mm spectralon coated integrating sphere. The
instrument was set up and calibrated after running particle free Nanopure Milli-Q water
as blank, with a purity level of 18.2 MΩ, on daily basis prior to running water samples.
The absorption spectra were corrected for scattering and baseline fluctuations by
subtracting the average value of absorption between 700 and 750 nm from each spectrum.
Blank subtraction of nanopure Milli-Q water was carried out to remove scattering and
solvent (water) effects. The absorption coefficients (a) were calculated from the
absorbance (A) obtained from the spectrophotometer using:
𝑎(𝜆) =

2.303∗𝐴(𝜆)
𝐿

2.1

where A(λ) is the absorbance measured at a wavelength λ, and L is the path length in
meters (Markager and Vincent 2000; Singh et al. 2010; Dash et al. 2011).
2.2.3

Fluorescence spectroscopy
Similar to absorption measurements, water samples were brought to ambient

room temperature 2 h prior to spectro-fluorometric analysis. Excitation-emission matrices
(EEMs) were generated using the Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon,
12

Inc., Edison, NJ, USA) equipped with a 150 W ozone-free Xenon arc lamp. The EEM
spectra were recorded for excitation from 240 to 450 nm at every 10 nm intervals and
emission from 300 to 550 nm at every 2 nm with an integration time of 0.25s. The EEM
signals were collected in ratio mode (S/R mode) with dark offsets and a setting of 5 nm
bandpass for both the excitation and emission monochromators. Factory supplied
correction factors were applied to the scans to correct for instrument configuration.
Absorption corrections were applied to account for inner filter effects in “Blank” and
sample EEMs. Then corrected Milli-Q water (Blank) EEMs were subtracted from the
sample EEMs to eliminate any influence of Raman peaks. Subsequently, EEMs were
normalized to daily-determined water Raman integrated area under maximum
fluorescence intensity (350 ex/397 em, 5 nm bandpass) as suggested by Lawaetz and
Stedmon (2009) to normalize the EEMs data to a comparable Raman Units (R.U.). This
approach provided spectrally corrected data, which in turn is quantitatively independent
from any instrumental bias. Finally, the corrected EEMs were exported to MATLAB®
for further analyses.
2.2.4

Development of PARAFAC Model
EEM dataset of 275 samples with emissions measured at 126 wavelengths and

excitations measured at 22 wavelengths were used for modeling. The number of
components for model calibration and validation was achieved by split-half analysis and
by the visual analysis of residuals and corresponding component loadings (Stedmon et al.
2003; Stedmon and Bro 2008). While modeling, a close inspection of outliers reduced the
final EEM dataset to 260 samples for PARAFAC modeling. Prior to final PARAFAC
modeling, one emission wavelength (300 nm) was discarded and other emission
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wavelengths were interpolated at 4 nm increments, which were originally collected at
finer resolution of 2 nm increment. The excitation wavelengths were interpolated at 5 nm
increments, which were originally collected at 10 nm increments. Therefore, the final
PARAFAC model was developed using the EEM data of 260 samples with 63 emission
and 43 excitation wavelengths to derive five split-half validated individual components
(Fig. 2.2). PARAFAC component scores were reported as fluorescence intensity, Fmax
(R.U.). PARAFAC modeling has been described in more detail in our previous
publications (Singh et al. 2014b; Singh et al. 2015).
We calculated several DOM optical indices using absorption and fluorescence
measurements to derive relationships between PARAFAC identified components and
DOM quality in lakes, estuary, and coastal waters. The absorption coefficient at 254 nm
(a254) was calculated using the absorbance measured at 254 nm. a254 provides a measure
of aromaticity and is directly proportional to the aromatic content in the water samples
(Weishaar et al. 2003). Spectral slope ratio, (SR) was computed using the spectral slopes
calculated in two ranges (i.e., S1: 275-295 nm and S2: 350-400 nm). This index serves as
a proxy for molecular weight of DOM with low SR indicating high molecular weight of
DOM and high SR indicating low molecular weight of DOM (Helms et al. 2008). Spectral
slope, S254-436 was computed for source tracking and for gaining insights about the
transformation history of DOM (Jaffé et al. 2004). Humification Index (HIX) was
computed as the ratio of the peak integrated area under the emission spectra 435-480 nm
and the peak integrated area under the emission spectra 300-345 nm obtained at an
excitation wavelength of 254 nm (Zsolnay et al. 1999). An increase in HIX is associated
with condensation of fluorescing molecules and a decrease in the H/C ratio, which is
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considered to be an indicator of humification (Zsolnay et al. 1999, Zsolnay 2003).
Biological Index (BIX) was calculated as the ratio of emission fluorescence intensity at
380 nm and the maximum emission fluorescence intensity observed between 420 and 435
nm at an excitation wavelength of 310 nm. BIX (also referred to as freshness index)
provides insights about the proportion of freshly produced DOM versus transported aged
DOM (Huguet et al. 2009; Wilson and Xenopoulos 2009). Fluorescence index (FI) was
calculated as the ratio of fluorescence emission intensities at 470 and 520 nm with the
excitation intensity of 370 nm (Cory and McKnight 2005). This index has been used in
several studies to trace DOM from terrestrial and microbial sources based on values
between 1.2-1.5 indicating terrestrial origin and 1.6-2.0 indicating microbial origin
(McKnight et al. 2001; Cory and McKnight 2005; Singh et al. 2014b; Singh et al. 2015).
Finally, another DOM metric, redox index (RI), was computed as the ratio of reduced
quinones to total quinones using PARAFAC derived components (Miller et al. 2006). It
is a useful index to identify the redox state of humic acids (Miller et al. 2006).
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Figure 2.2

The split-half validated results of excitation (blue solid line) and emission
(red solid line) loadings for five PARAFAC derived DOM components
(C1-C5) are presented. Contour plots of the same five components
identified from the PARAFAC model are shown in the insets. FMAX (R.U.)
represents the maximum fluorescence intensity in Raman Units.
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2.2.5

Nutrient analysis and total chlorophyll-a measurements
Nutrient analyses included measurement of the concentration of total dissolved

phosphorous (TDP) and dissolved inorganic nitrogen (DIN) including ammonium
nitrogen (NH4-N) and nitrate nitrogen (NO3-N). Filtered water samples were transported
on ice to Dr. Gary Feng at the USDA ARS located on the Mississippi State University
campus. NH4-N and NO3-N were measured using 9 mL of filtered water sample on a
Lachat QuickChem 8500 Series 2 (Hach Co., Loveland, CO) with a five-point calibration
curve (20, 10, 5, 2, and 0 mgL-1). TDP was measured using 8 mL of filtered water sample
on an iCAP 6000 ICP Mass Spectrometer (Thermofisher Inc.) fitted with an autosampler
using a three-point standard curve. For total chlorophyll-a (Chl-a) measurements, 100 ml
aliquots of water samples were filtered through 4.7 cm diameter glass fiber (Whatman
GF/F) filters and stored in a -80°C freezer. The frozen samples were transported on dry
ice to Dr. James L. Pinckney at the Department of Biological Sciences, University of
South Carolina, Columbia, SC for total chlorophyll-a analysis using high performance
liquid chromatography (HPLC) (Pinckney et al. 2009).
2.2.6

Land use and land cover analyses
The cropland dataset, hydrologic units (8-digit HUC), and hydrography data used

for each watershed were ordered from USDA NRCS Geospatial Data Gateway (USDA,
2015) and were processed in. Watershed boundaries were determined for each sampling
location from a 30 m digital elevation model (DEM) and ArcGIS version 10.1
(Environmental Systems Research Institute, Inc., Redlands, California, USA). Watershed
boundaries were determined using USDA NRCS 8-digit watershed boundary dataset.
Percentages of agriculture, aquaculture, barren, forest, rangeland, wetland, urban, and
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open water in each watershed were calculated from the 2014 Cropland Data Layer (CDL)
from the USDA NRCS Geospatial Data Gateway after re-classification of 255 levels of
crop data (Johnson and Mueller 2010; USDA, 2015). The 255 levels of crop data is
grouped into eight classes of Level I using classification scheme as suggested by
Anderson et al. (1976). The CDL data used in this study had an overall accuracy of
80.7%. The total county population for each watershed was computed using TIGER 2010
for each watershed (Table 2.1 and Fig. 2.3). For each watershed, we calculated the
watershed area, lake area, and drainage ratio using layer attribute tables (Table 2.1).
Drainage ratio is defined as the ratio of total watershed area to the lake area within the
given watershed. This parameter is an important factor in determining the amount and
flux of nutrients to a lake related to surface runoff. Drainage ratio is also used as a proxy
for water retention time in lakes as higher drainage ratio lakes have shorter retention
times (Lottig et al. 2012).
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Figure 2.3

2.2.7

Land use and land cover distribution for each watershed is presented here.
Main river streams are shown in blue solid lines and numeric markers, and
the corresponding names are shown in the figure legend.

Statistical analyses
Statistical differences between sources (observations) and treatments (water

bodies) were determined using one-way analysis of variance (ANOVA) with subsequent
Tukey-HSD tests for post-hoc analyses and plotted with R software version 3.2.2 (R Core
Team, 2015). One-way ANOVA is used here to analyze the differences among group
(water bodies) means. It is hypothesized here that each water body type (i.e., lakes,
estuary, and coastal region) will show different DOM character. Multivariate Pearson
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correlations between PARAFAC components (C1-C5), DOM quality indices (i.e., a254,
SR, HIX, BIX, and FI), and nutrients (NH4-N, NO3-N, and TDP), and principal
component analysis (PCA) were performed using JMP Pro 11.0 statistical software
package (SAS Institute Inc., Cary, NC). Regression analyses were used to examine the
relationships between LULC types and DOM compositions using JMP. For the regression
analyses, the percent cover of forest, agricultural lands, and wetlands (LULC types) in
each watershed were considered as independent variables, two terrestrial humic-like
components (C1 and C3) and one microbial humic-like (C2) DOM component were
considered as dependent variables. All the statistical analyses were computed at a 95%
significance level (α = 0.05) unless stated otherwise. For the principal component
analysis, the average values of the DOM parameters and nutrients were considered to
examine the relationships between DOM parameters, nutrients, and LULC types for each
of the watersheds in this study. PCA was performed on correlations of scaled data (Xue et
al. 2011)
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Table 2.1

Watershed properties of each water body are shown here. The values for
each watershed have been extracted from attribute tables using ArcGIS for
lakes, estuary, and Mississippi Sound for each parameter in this study.

Water Body

Lake
Sardis

Lake
Enid

Lake
Grenada

Ross
Barnett
Reservoir
5119.9

Lake
Okatibbee

4269.4 1926.4 5917.9
2351.4
Watershed area
(km2)
162.2
59.3
79.7
102.5
17.0
Lake area (km2)
26.3
32.4
74.2
49.9
137.7
Drainage ratio
4
3.8
7.3
24.9
5.9
Population (X 10 ) 8.9
Proportion of land use and land cover (LULC) of watershed area
46.5
47.8
43.2
45.6
52.5
Forest (%)
26.0
29.1
18.7
24.5
28.7
Rangeland (%)
6.0
6.0
4.6
11.9
8.3
Urban (%)
5.8
4.0
11.4
12.9
7.9
Wetlands (%)
11.1
8.2
17.6
2.2
1.0
Agriculture (%)
0.0
0.0
0.0
0.0
0.0
Aquaculture (%)
0.6
0.7
1.3
0.0
0.0
Barren (%)
4.0
4.2
3.2
2.9
1.7
Water (%)

2.3
2.3.1

Lower
Pearl
River
4717.6

Mississippi
Sound

―
―
15.4

―
―
68.3

27.0
30.4
6.8
32.4
0.8
0.0
0.4
2.1

27.0
23.4
11.7
30.4
3.7
0.0
1.5
2.2

12830.9

Results
Spatial patterns of physical and biochemical parameters
For the lakes, estuary, and coastal waters, the average values with standard

deviations and the ranges of surface water temperature, salinity, pH, dissolved oxygen
(DO), and the concentrations of ammonium-nitrogen (NH4-N), nitrate-nitrogen (NO3-N),
total dissolved phosphorous (TDP), and total Chl-a are given in the appendix (Table A.1).
The average surface water temperature (T) ranged between 16.9 and 28.4°C with the
lowest value observed in estuarine waters while the highest value observed in coastal
waters. Salinity and DO showed an inverse relation across the water bodies with highest
average salinity (23.4 psu) and lowest average DO (6.2 mgL-1) observed for the coastal
waters while the lowest average salinity (0.0 psu) and highest average DO (7.0 mg L-1)
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were recorded for the lakes. Estuarine waters had intermediate average values for salinity
(2.9 psu) and DO (6.7 mgL-1).
The average concentrations of DIN (NH4-N+NO3-N) was highest in the lakes,
intermediate in the estuary, and lowest in the coastal waters, however, concentrations of
NH4-N and NO3-N varied individually for these water bodies (Fig. 2.4). In particular, the
average concentration of NH4-N was highest in coastal waters (0.13 mgL-1) while the
lowest average concentration was found in estuarine waters (0.05 mgL-1). The average
concentration of NH4-N for the lake samples (0.08 mgL-1) remained in between the above
two extremes. In contrast, the average concentration of NO3-N was lowest in the coastal
waters (0.10 mgL-1) while the average values of the NO3-N for the lakes and estuarine
waters did not vary significantly (0.24 mgL-1 and 0.28 mgL-1, respectively). While the
average concentration of TDP were found significantly higher in coastal waters (0.032
mgL-1) as compared to the lakes and estuarine waters (0.008 mgL-1 and 0.007 mgL-1,
respectively; Fig. 2.4 and Table A.1).

Figure 2.4

Spatial distribution of (a) NH4-N, (b) NO3-N, and (c) TDP measured in this
study. Same letters in the box plots represent no significant differences (at
alpha = 0.05) in variables between the sampling water bodies. Number of
samples (n) is shown for each water body.
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Similar to the overall trend observed for the average concentration of DIN, the
average concentration of Chl-a was highest in the lakes (15.5 µgL-1), intermediate in the
estuary (8.1 µgL-1), and the lowest in the coastal waters (3.2 µgL-1).
2.3.2

Spatial patterns of PARAFAC components

A total of five different PARAFAC components (C1-C5) representing DOM
compositions were determined in this study. These components have previously been
identified in the literature (Table 2.2). In this study, the average fluorescence intensities
(Fmax) of the two terrestrially derived humic-like components; C1 and C3 were 0.71 and
0.17 R.U., respectively found in the lakes. The same components were also found in the
estuary with Fmax values of 0.77 and 0.23 R.U., respectively. For the coastal waters, the
average Fmax for C1 and C3 were found to be 0.64 and 0.19 R.U., respectively (Fig. 2.5).
Estuarine samples showed significantly higher values of both C1 and C3 than that for
lakes and coastal waters, while the coastal waters showed significantly higher average C3
than that of lakes. In contrast to the trends of C3, the average C1 were found to be
significantly higher in the lakes in comparison to coastal waters.
The average fluorescence intensities, Fmax of the two microbially derived humiclike components, C2 and C5 were significantly higher in coastal waters (0.52 R.U. and
0.16 R.U., respectively) while the same components were significantly lower in the
estuarine waters (0.45 R.U. and 0.03 R.U., respectively; Fig. 2.5). Lakes showed
intermediate average values of C2 and C5 (0.47 R.U. and 0.09 R.U., respectively) but
were found significantly different than estuarine and coastal waters. Finally, the average
fluorescence intensity of the component, C4, which is similar to protein-like (tryptophanlike) DOM, was significantly lower in lakes (0.16 R.U.) in comparison to estuarine and
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coastal waters while no significant difference between estuarine (0.21 R.U.) and coastal
waters (0.22 R.U.) was found (Fig. 2.5).
2.3.3

Spatial patterns of DOM indices
The average value of a254 was significantly higher in estuarine waters (50.2 m-1)

while the lowest average value of the a254 was found in coastal waters (18.7 m-1) with an
intermediate average value for the lakes (41.4 m-1; Fig. 2.6). In contrast, the average
value of SR was significantly higher in coastal waters (1.8) than that in lakes and
estuarine waters (1.0 and 0.8, respectively; Fig. 2.6). No significant difference in the SR
existed between lakes and estuarine waters. The average HIX value for the estuarine
waters (5.6) was significantly higher than that of lakes (4.0) while the average HIX value
of coastal waters (4.8) did not differ significantly either from the lakes or estuarine waters
(Fig. 2.6). The average values of BIX and FI were highest in coastal waters (0.76 and
1.48, respectively) and lowest in estuarine waters (0.62 and 1.44, respectively) while they
were in between the coastal and estuarine values for the lakes. Lake samples showed
significantly different average values of the BIX and FI (0.66 and 1.46, respectively) than
the estuarine and coastal waters (Fig. 2.6).
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Table 2.2

Components

Descriptions and the characteristics of the five PARAFAC modeled
fluorescence DOM compositions identified in this study and their
comparison against those previously reported in the literature.
I

II

III

IV

V

VI

VII

VIII

C4

C3

C1

C4

C2

C4

C1

C1

(Ex / Em)

Description and origin of
DOM composition and
possible sources

UVA humic-like; terrestrial
origin or allochthonous
transport; common to wide
range of freshwater aquatic
environments.
C2
C2
C2
C4 C2
C2
C3
Microbial humic-like;
C2 (< 250-300 C6
anthropogenic origin found in
/ 390)
agriculturally dominated
watersheds; prevalent in
wastewater; photo-labile DOM
product.
C2
C6
―
―
C5 C3
―
―
UVA humic-like; terrestrial
C3 (270-390/
origin or allochthonous
502)
transport; primarily in soilderived material; reduced
terrestrial DOM; common in
wide range of freshwater
environments such as wetlands
and rangelands.
C5
C4
C3
C3 C6
C4
C5
Protein-like (Tryptophan-like)
C4 (280 / 330) C7
DOM; autochthonous
production; also commonly
found in croplands, wastewater,
industrial and livestock wastes.
C1
C1
―
C1
― C5
―
C4
UVC humic-like; terrestrial
C5 (< 250 /
origin; commonly found in
458)
wide range of aquatic
environments; mainly in high
proportion of wetland
dominated areas; photorefractory DOM composition
I: Stedmon and Markager (2005); II: Williams et al. (2010); III: Zhang et al. (2010); IV: Hiriart-Baer et
al. (2013); V: Meng et al. (2013); VI: Kothawala et al. (2014); VII: Yang et al. (2014); VIII: Harun et
al. (2015)
C1 (< 250-330
/ 446)
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Figure 2.5

Spatial distribution of PARAFAC-modeled components (a) C1, (b) C2, (c)
C3, (d) C4, and (e) C5. Same letters in the boxplots represent no significant
differences (at alpha = 0.05) in variables between the sampling water
bodies. Number of samples (n) is shown for each water body.
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Figure 2.6

Spatial distribution of DOM optical indices (a) a254, (b) SR, (c) HIX, (d)
BIX, and (e) FI. Same letters in the boxplots represent no significant
differences (at alpha = 0.05) in variables between the sampling water
bodies. Number of samples (n) is shown for each water body.
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2.3.4

Land cover types and DOM composition
To investigate the relationships between the DOM compositions in lakes; estuary;

and the coastal waters and the influence of land use and land cover types in the respective
watersheds, regression analyses were performed using JMP (Fig. 2.7). The results
showed that percent forest cover could explain 68% of the variability in terrestrial humiclike DOM (C1) exports in the watersheds while the percent agricultural land use
predicted 87% variability in microbially derived humic-like DOM (C2). It was found that
percent wetland coverage in studied watersheds serves as a good predictor of soil derived
terrestrial humic-like DOM (C3) explaining 82% variability in the data. In general,
percent forest cover was higher in the watersheds for the lakes whereas the watersheds
for the estuary and coastal waters had increased percentage of wetlands. Percent
agricultural land was highest in the watersheds of the northern Mississippi lakes (Lakes –
Sardis, Enid, and Grenada; Table 2.1 and Fig. 2.3). Largest proportions of the agricultural
lands in the watershed of the Lake Grenada are on the downstream side of the lake, for
which a lower contribution of agricultural influence on DOM properties was observed.
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Figure 2.7

The regression analyses between the DOM compositions (C1, C2, and C3)
and LULC (percent forests, percent agricultural lands, and percent
wetlands) are presented here. LP (in regression between %Forest and C1),
MS and LG (in regression between %Agriculture and C2), and LO (in
regression between %Wetlands and C3) were identified as outliers and
were excluded in the regression analyses.

The first two principal components (PC1 and PC2) together explained roughly
70% of the variation in the dataset in PCA results (Fig. 2.8). PC1 explained 45.6% while
PC2 explained 24.1% of the variability. The three northern Mississippi lakes (LS, LE,
and LG) with relatively highest proportion of agricultural land use showed positive
loadings on PC1 while the other two lakes (LO and RB) and the estuarine samples (LP)
were found negative on PC1. Because LO and RB in addition to LP have relatively
higher contributions of percent forest, rangeland, and wetland coverage (Table 2.1),
negative PC1 loadings for C1, C3, HIX and a254 reflects terrestrially derived humic-like
DOM exported from forests and wetlands, having structurally complex, refractory, and
aromatic DOM. While the components C2, C4, and C5 in addition to BIX, FI, and SR
showed a positive relation with PC1 indicating a more “labile” and relatively simpler
DOM exported from watersheds those had relatively higher proportion of agricultural
land. Similar to PCA results, the correlations between DOM compositions, optical
indices, and nutrients showed strong relationships between microbial humic-like DOM
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(C2) and BIX, FI, and a254. Nutrients such as NH4-N and TDP also showed significantly
positive relationships with microbial humic-like DOM (C2) (Table 2.3).
2.4
2.4.1

Discussion
Spatial variability of DOM composition
A total of five different DOM compositions (i.e., PARAFAC components) were

identified in lakes; estuary; and coastal waters in this study. The fluorescence signature of
the component 1 (C1) showed two excitations (<250 and 330 nm) and one emission (446
nm) peaks (Table 2.2). This component is similar to a mixture of the traditionally defined
terrestrial humic-like peaks A and C in seawater, which was first reported by Coble
(1996). Since then it has been commonly observed in many freshwater environments. For
example, Zhang et al. (2010) found an increase in the terrestrial humic-like component
C1 (similar to our C1) because of an increase in terrestrial nutrients from the watershed in
lakes of the Yungui Plateau, China. Likewise, the increase of a similar component (C4)
has been found in an embayment of western Lake Ontario receiving the largest amount of
allochthonous DOM (Hiriart-Baer et al. 2013). Other studies also indicated the ubiquitous
character of component C1 and have found in a wide variety of freshwater and marine
environments, and attributed to terrestrial and anthropogenic origins (Meng et al. 2013;
Kothawala et al. 2014). The component 3 (C3) also exhibited primary and secondary
fluorescence peaks, although with a red shift compared to the component 1, occurring at
270 (390) nm/502 nm (Table 2.2). This component can be categorized as a reduced
terrestrial DOM originating from soil-derived organic matter (Lochmuller and Saavedra
1986; Singh et al. 2010). The spectral feature of this component is also similar to other
reported studies with the widespread presence of allochthonous dissolved organic matter
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derived from terrestrial sources and leaching from soil derived fulvic acids in streams,
lakes, wastewaters, and wetlands (Stedmon and Markager 2005; Stedmon et al. 2006;
Meng et al. 2013; Kothawala et al. 2014). Based on previous research and the results of
this study, significantly high terrestrially derived humic-like components (C1 and C3) in
estuary waters indicate terrestrial and soil derived organic matter influence on estuarine
DOM (Fig. 2.5). It is suggested here that the higher abundance of these terrestrial DOM
in estuary were transported from natural forests, rangelands, and in particular, from
wetlands (Stedmon and Markager 2005; Graeber et al. 2012; Kothawala et al. 2014).
Table 2.3

Variables

Correlation matrix of five PARAFAC components, DOM quality indices,
and nutrients measured in distinct water bodies in this study. All the
correlations are significant at the alpha = 0.05 level. “Bold” represents
“Strong” (r > 0.70) correlation. Non-significant correlations at alpha = 0.05
are represented as “N.S.”.
C1

C2

C3

C4

C5

HIX

BIX

FI

a254

SR

NH4-N

NO3-N

C1
C2

-0.77

C3

0.55

-0.42

C4

-0.36

0.68

N.S.

C5

-0.98

0.68

-0.51

0.25

HIX

0.17

-0.14

0.25

N.S.

-0.16

BIX

-0.85

0.97

-0.40

0.63

0.79

-0.15

FI

-0.43

0.78

-0.40

0.52

0.34

-0.15

0.74

a254

0.62

-0.90

0.35

-0.65

-0.55

N.S.

-0.87

-0.83

SR

-0.25

0.28

N.S.

N.S.

0.28

N.S.

0.27

0.26

-0.27

NH4-N

-0.50

0.42

-0.24

0.17

0.50

N.S.

0.49

0.32

-0.38

0.16

NO3-N

N.S.

N.S.

N.S.

0.13

N.S.

N.S.

N.S.

N.S.

N.S.

N.S.

N.S.

TP

-0.49

0.37

0.22

N.S.

0.52

N.S.

0.48

N.S.

-0.33

0.44

0.32

-0.17

While the lakes and coastal waters were significantly higher in microbially
generated humic-like DOM (C2 and C5), the lowest abundance of microbial humic-like
DOM was found in estuarine waters (Fig. 2.5). The component 2 (C2) exhibited two
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excitation (<250 and 300 nm) and one emission (390 nm) peaks while the component 5
displayed (C5) single excitation and emission fluorescence peak (< 250/458 nm; Table
2.2). The results for components C2 and C5 are similar to the components previously
identified (Stedmon and Markager 2005; Graeber et al. 2012; Hiriart-Baer et al. 2013;
Kothawala et al. 2014). The component 2 (C2) has been either associated with microbial
activities in inland waters or with biological production indicating in situ DOM
production in aquatic systems (Zhang et al. 2010; Maie et al. 2012). Previous studies
have shown that a similar DOM component exported from anthropogenic sources such as
wastewater and cropland dominated watersheds (Stedmon and Markager 2005; Graeber
et al. 2012). Furthermore, this component has also been characterized as a labile photodegraded component in groundwater and pore waters in the Everglades ecosystem
located in southern Florida (Chen et al. 2010; Cawley et al. 2014). While the component
5 (C5) is typically microbially generated DOM, more recently the presence of similar
component has been reported in streams and coastal waters originating from the photodegradation of terrestrial DOM and reported as a photo-refractory component (Stedmon
et al. 2006; Maie et al. 2012; Cawley et al. 2014). Besides, it has also been identified as a
photo-resistant and/or photo-degradation product of humic-like DOM components
reported only in surface waters but not in ground waters (Chen et al. 2010). While the
results here are in agreement with these above-mentioned studies, it is not unexpected
that estuary waters exported minimal microbially derived DOM than that in lakes and
coastal waters. It could be due to the fact that the lakes and coastal waters provide
relatively stagnant water as compared to groundwater fed continuously flowing rivers.
The stagnant waters of lakes and coastal margins provide abundant opportunity for
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terrestrial DOM to be photo-degraded leaving photo-resistant refractory DOM in lakes
and coastal waters.
The component 4 (C4) is commonly found in many studies and has been found
spectrally similar to protein-like (tryptophan-like) DOM exhibiting excitation and
emission wavelength pair at 280/330 nm (Table 2.2). This component has been attributed
to autochthonous production of DOM in many freshwater lakes and coastal waters
(Yamashita and Tanoue 2003; Maie et al. 2012; Hiriart-Baer et al. 2013; Singh et al.
2014b). It has also been reported in DOM exported from croplands, wastewater,
industrial, and livestock wastes (Baker 2002; Stedmon and Markager 2005; Naden et al.
2010). For instance, Stedmon and Markager (2005) reported a similar component of
DOM associated with wastewater. It has been postulated that the decomposition of both
allochthonous and autochthonous DOM could generate protein-like DOM owing to
autochthonous algal production and/or microbial activity (Yamashita and Tanoue 2003;
Maie et al. 2012). Yamashita et al. (2008) have reported the generation of such
autochthonous DOM components at higher salinities in estuaries and ascribed such
abundance to higher microbial activity. Concurring with these studies, the results here
also suggest that protein-like DOM (C4) has been generated both from the microbial
activity as well as phytoplankton/macrophyte production. Correlations between C4
against Chl-a for each water body indicated both microbial activity and primary
production to be the dominant processes in lakes (data not shown). In the estuary,
microbial activity dominated mostly, however in the month of March primary production
appeared as more dominant process. In the coastal waters both processes were observed.
Microbial activity dominated when primary production was not dominant, and primary
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production dominated when microbial activity was not dominant. Low Chl-a
concentrations (Mean = 3.2 µgL-1; Table A.1) suggest the relative dominance of
microbial activity and lack of primary production in coastal waters.
Significantly higher a254 and HIX for estuarine waters were found here than that
for lakes and coastal waters (Fig. 2.6) indicating LP is transporting increased levels of
aromatic and humic DOM supplied from the wetlands in its floodplains (Cai et al. 2016).
The elevated aromatic and humic DOM indicates allochthonous transport of DOM in
estuary. It has been suggested that elevated protein-like fluorescence potentially reduces
the sensitivity of HIX values to infer the amount of humified DOM in the total DOM
pool (Zsolnay 2003; Singh et al. 2014a). Because the lower region of HIX measurements
coincides with the similar spectral region where protein-like DOM fluoresces. Only slight
variation in HIX values was noticed across ecosystems in this study that corroborates to
the earlier findings. Hence, it is suggested that HIX values may not be as reliable as a254
when a comparison between multiple ecosystems is considered. DOM in coastal waters
was found with the lowest aromaticity (a254). This could be due to the transformation of
refractory to labile fractions via photo-degradation of terrigenous DOM (Moran and Zepp
1997; Maie et al. 2012) or due to mixing of freshwaters with saline waters (Sun et al.
2014; Guéguen et al. 2016). Higher abundance of labile DOM in coastal waters could
also be originating from phytoplankton primary production or from increased microbial
activity (Milbrandt et al. 2010). Microbes and phytoplankton compete for consumption of
available nutrients, especially N species, for primary production or for biomass synthesis
(Church et al. 2000). The results of this study are more supportive of increased microbial
activity for the production of labile DOM than phytoplankton production of DOM in
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coastal waters as indicated by high FI and SR and low Chl-a concentrations. Same
phenomenon for coastal waters was also observed here based on the correlations between
C4 and Chl-a (data not shown), as discussed above. It can be surmised here that the
increased production of labile DOM potentially resulted from microbially induced
cleavage of refractory DOM with increased solar irradiation levels during summer
months (Helms et al. 2008; Santos et al. 2014). Caffrey et al. (2014) found that the waters
in the Grand Bay, where majority of our sampling sites are, have a residence time of
approximately 11 days. Thus, coastal waters were exposed to sunlight for long period of
times, which enhanced the breakdown of higher molecular weight DOM and in turn,
bioavailability of DOM increased. This is also reflected in a decrease of the a254 values
with simultaneous increases in SR, BIX, and FI values (Huguet et al. 2009; Sun et al.
2014). Contrary to the findings here, an experimental study conducted by Mayer et al.
(2011) found less than expected labile DOM produced through photolysis of resuspended
coastal sediments in Louisiana, USA. They suggested that the majority of the photoproduced labile DOM might have possibly transported offshore. Nonetheless, results
from DOM indices as corroborated by PARAFAC results showed highest labile DOM
composition (i.e., photo-produced DOM) in coastal waters.
Previous studies have experimentally evaluated NH4-N release in coastal waters
and attributed such release of nitrogen compounds to photochemical processes in coastal
southeastern USA (Bushaw et al. 1996; Moran and Zepp 1997) and more recently in
coastal waters of northern Baltic Sea (Vähätalo et al. 2011). Similar conclusions have
been drawn in an incubation experiment conducted for Florida and Massachusetts’s salt
marsh sediments to determine the influence of natural sunlight irradiation on DOM
35

release (Schiebel et al. 2015). Hence, it is suggested here that high NH4-N in coastal
waters would have generated from the sunlight exposure of terrestrially derived humiclike DOM. Release of sediment bound nitrogen and phosphorus during resuspension of
DOM in shallow coastal waters could be another plausible explanation of noted high
NH4-N and TDP values.
Strong inverse correlations of terrestrial humic-like DOM (C1) with both
microbially derived humic-like DOM (C2 and C5; -0.77 and -0.98, respectively; Table
2.3) were observed indicating that the source of both C2 and C5 could be the same
organic material introduced via allochthonous transport in aquatic systems. While
transport, the terrestrial humic-like DOM (C1) may have undergone digenetic changes
and transformations and modified by factors such as photochemical process. Hence,
labile microbial DOM compositions (C2 and C5 – photo-labile and photo-refractory
components, respectively) can be considered as photoproducts resulting from the
degradation of terrestrial humic-like DOM (C1 in this study; Chen et al. 2010; Cawley et
al. 2014). In addition, the DOM indices such as BIX and FI were found highly correlated
with DOM photoproducts (C2 and C5; Table 2.3). In contrast, a254 showed a very strong
negative correlation (-0.90) with C2 and a moderate negative correlation (-0.55) with C5.
This further emphasizes that when aromatic and humic DOM of terrestrial origin was
subjected to photo- and microbial degradation, diagenetically modified labile DOM could
enhance further breakdown of available refractory DOM, a phenomena known as
“priming effect” (Bianchi 2011). A weak but significant correlation between TDP and C3
(0.22) further highlighted that TDP may have originated from coastal sediments. Further,
microbial DOM compositions (C2 and C5) showed moderate positive correlations with
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both NH4-N and TDP (Table 2.3). This relationship indicates that photochemical
processes are an important control for DOM and nutrient dynamics in coastal waters in
Mississippi (Shiller et al. 2006).
2.4.2

Land use and land cover types influence DOM properties
The quality of DOM in terrestrial and aquatic ecosystems differs depending upon

land use and land cover in the watersheds. Percent forest cover was found as a strong
predictor for terrestrially derived humic-like DOM (C1; Fig. 2.7). A study in several subwatersheds of Horsens estuary, Denmark noticed a spectrally similar fluorescence DOM
signature dominated by humic-like organic material associated with highest percent of
forest cover (Stedmon and Markager 2005). In another study, while evaluating the effects
of changing land use on DOM properties in a subtropical Jiulong River watershed in
southeast China, Yang et al. (2011) found a similar component that showed the highest
average values when the forest cover ranged from 52 to 77%. Humic-like DOM
fluorescence signature, as represented by C1, has been correlated with terrestrially
derived organic material with a high aromatic carbon content possibly from lignin
breakdown products (Cory and Kaplan 2012). Recently, Singh et al. (2015) also noticed
the similar component in a sub-watershed (0.62 ha) of a mid-Atlantic forested watershed
with 100% forest cover. They stated that runoff from surficial flow during storms, and
over leaf litter on the forest floor and organic-rich soil horizons generated this type of
fluorescence DOM signature. The results here concur with these studies and indicate that
streams draining in natural forest and grassland covers have significantly different
terrestrially derived DOM character than other land use and land cover types.
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In the present study, percent agricultural land use predicted 87% variability in
microbially derived humic-like DOM (C2, Fig. 2.7). This DOM component showed a
labile character representing simpler DOM structure compared to the two terrestrially
derived DOM components (C1 and C3). Stedmon and Markager (2005) attributed
anthropogenic origin to a spectrally similar humic DOM fluorescence exported from
agricultural sub-catchments possibly due to the use of manure in agricultural fields. It is
widely known that the agricultural runoff is often high in nutrients (e.g., nitrogen and
phosphorous) that may be bioavailable to microbes as a nutrient source. Wilson and
Xenopoulos (2009) in a study examining a land use gradient of increasing agricultural
fields showed that the DOM exported from croplands were structurally simpler. Further
they found an increase in BIX ratio with an increase in percent agricultural fields with a
corresponding increase in total dissolved nitrogen (TDN), a nutrient responsible for
increased biological activity. While TDN was not measured directly in this study, the
higher levels of C2 showed strong positive correlations with BIX and FI, (0.97 and 0.78,
respectively) which can be attributed to increased microbial activity due to nutrient inputs
from agricultural runoff. Moreover, moderate but significant positive correlations of C2
with NH4-N, and TDP (0.42 and 0.37, respectively) also indicate the origin of microbially
derived humic-like DOM due to nutrient inputs from agricultural runoff (Table 2.3).
Williams et al. (2010) found a similar component in agricultural streams, and related it to
increased bacterial decomposition making a more labile DOM accessible to the microbial
community. They also highlighted that besides microbial activity, sunlight can cause
reductions in the molecular weight of DOM via direct photo-degradation as agricultural
streams with reduced tree canopy is expected to receive increased levels of solar
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radiation. Contrary to these studies, Graeber et al. (2012) and Stedmon and Markager
(2005) found that agriculturally dominated streams drained structurally complex DOM in
central European headwater streams and in an estuarine region in Denmark. However,
more recently, Singh et al. (2014a) noticed spectrally similar DOM component in a midAtlantic agricultural field and attributed the origin of this component to poultry manure
application. Hence, in the light of results from the above mentioned studies and in this
study, it is suggested that microbial humic-like DOM (C2), which is labile in character,
was generated from photo-degradation (Maie et al. 2012; Cawley et al. 2014) of nutrient
rich allochthonous organic materials exported to the lakes (Stedmon and Markager 2005;
Singh et al. 2014a).
Wetlands appear to be a significant source of aromatic or refractory DOM with an
average high molecular weight originating from allochthonous transport (Mulholland
2003). The results of this study are consistent with those of previous studies that have
shown that percent wetland coverage have a strong influence on DOM properties. Similar
to the results presented here, Wilson and Xenopoulos (2009) observed greater
contributions of soil derived humic-like DOM as the proportion of wetlands increased.
They also noticed negative correlations of BIX and FI with increasing proportion of
wetlands and positive correlations of a280 and HIX with increasing percent of wetlands.
The correlations between C3 and these DOM indices and regression between C3 and
percent wetland coverage reflected similar characteristics (Table 2.3 and Fig. 2.7). DOM
has been found to be refractory and less accessible for microbial utilization in wetland
streams (Williams et al. 2010). Additionally, Williams et al. (2010) also found decreasing
FI and BIX ratios in streams with an increasing proportion of riparian wetland area.
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Contrasting results have been reported in a study by Graeber et al. (2012) in the North
German plains where headwater streams with increasing proportion of wetland coverage
showed structurally simpler DOM. They suggested this simpler DOM could have resulted
from high variability in water table depth, evaporation, and photo-degradation processes.
A strong flood plain connection of LP with its riparian zone may have induced DOM
with higher NH4-N levels to oxidize into significantly higher NO3-N concentrations in
estuarine waters (Cai et al. 2016). The highest NO3-N concentrations in estuarine waters
was observed here possibly due to the rapid oxidation of proximal wetlands sourced NH4N to NO3-N. Thus, the findings of this study are in coherence with the previously
reported results where terrestrially derived aromatic and humic DOM with more reduced
character is directly related to increasing proportion of wetland coverage.
The principal component analysis helped in separating watersheds based on the
distributions of DOM composition and nutrients influenced by dominant land use and
land cover types for each watershed (Fig. 2.8). The percent of total variance explained by
PC1 may be controlled by the DOM sources where positive PC1 loading can be due to
DOM from “anthropogenic” sources (e.g., agriculture) and the negative PC1 loading can
be due to DOM derived from “natural” sources or land cover types (e.g., forest and
rangeland). Similar statistical approach by Kalscheur et al. (2012) has been employed
while evaluating the effects of anthropogenic inputs from wastewater treatment plants on
DOM quality in urbanized streams of Illinois, USA. The second principal component
(PC2) in this study showed a gradient from inland water bodies to coastal margins with
positive loadings for coastal waters. It suggests that the biogeochemical transformation
and removal processes influencing the DOM composition could be represented on PC2
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depending on the type of aquatic ecosystem (i.e., lakes to coastal water gradient). This
further highlighted the importance of photo-degradation processes acting on DOM
exported from adjacent terrestrial areas into relatively stagnant and shallow waters of
lakes and coastal margins. Positive PC2 loadings for TDP and wetlands further support
the assumption that wetland sediment bound phosphorous was released to the coastal
waters. Based on the principal component and correlation analyses, it is suggested that
biochemical properties of DOM and its transformations in quality (i.e., composition) can
be highly influenced by watershed characteristics and can be linked to different land use
and land cover types in watersheds.

Figure 2.8

PCA plot of loadings and scores determined using the average values for
each of the computed or measured parameter (PARAFAC components,
optical indices, and nutrients) for each water body.
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2.5

Conclusions
DOM compositions and nutrient variations were investigated in multiple water

bodies in the Mississippi ranging from inland lakes, estuarine to coastal waters influenced
by varying proportions of forest, agriculture, and wetlands. While evaluating DOM
compositions, approaches of absorbance and fluorescence spectroscopic techniques in
conjunction with multivariate analysis tools such as PARAFAC and PCA were utilized.
Combining EEM-PARAFAC for optical properties of DOM and statistical analyses using
correlations, regressions and principal components, important insights were derived into
the role of land use and land cover types in the resulting DOM compositions. Variability
in DOM character due to both biotic (e.g. microbial degradation of refractory DOM to
labile DOM in river water) and abiotic processes (e.g., photo-degradation) was
deciphered, especially in shallow and stagnant lake and coastal waters. Release of
sediment bound nutrients such as NH4-N and TDP during resuspension can have further
implications on DOM character and its microbial utilization in coastal waters. Abiotic
factors such as temperature, precipitation amount and intensity, and photo-degradation
processes can substantially impact DOM character depending on the source material. In
addition, in situ microbial activities can further transform the DOM character. The
findings here suggest that for characterizing spatial variations in DOM properties, studies
need to pay greater attention to land use and land cover types, as well as physicochemical
processes affecting its transformation in watersheds.
As future climate change scenarios predict a greater variation in temperature and
precipitation patterns globally, it is important to understand the source, transport, and fate
of DOM in a variety of aquatic ecosystems and their relationship to the land use and land
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cover in the watershed. More “labile” DOM may not only support increased
heterotrophic activity but also contribute to the cleaving of “more” refractory DOM
known as “priming effect” (Bianchi 2011) thereby influencing microbial processes (Tank
et al. 2011) and nutrient and carbon cycling (Toosi et al. 2014; Yang et al. 2016). Hence,
monitoring DOM exports on a watershed scale is important especially where fertilizers
and organic wastes are used on agricultural fields. The efficacy of monitoring these
changes in DOM export and properties from such watersheds is imperative for regulators
and resource managers accountable for estimating the total maximum daily load (TMDL)
required for water quality protection (Molinero and Burke 2009; Dash et al. 2015) and for
understanding the role of land use and land cover in global carbon cycling through the
export of organic matter to the aquatic ecosystems.
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CHAPTER III
SEASONALITY IN DISSOLVED ORGANIC MATTER DELIVERY TO THE LOWER
PEARL RIVER ESTUARINE WATERS
3.1

Introduction
Dissolved organic matter (DOM) is a heterogeneous mixture of soluble molecules

supplied to aquatic ecosystems from the decomposition of living plants and organisms
(McKnight et al. 2001; Aiken et al. 2011; Miller et al. 2016; Singh et al. 2017). It is often
regarded as one of the largest organic carbon pool in rivers, which plays a central role in
altering the biogeochemistry of various elements (e.g., C, N, P, and S) in estuarine,
coastal, and oceanic environments (Aitkenhead-Peterson et al. 2003; Yamashita et al.
2008; Battin et al. 2008; Cawley et al. 2014). Recently, riverine and estuarine dissolved
organic carbon (DOC) flux has been estimated to be 260 TgCyr-1 globally delivered to
coastal oceans and comprises a major part of the oceanic carbon cycle (Bianchi 2011;
Raymond and Spencer 2014; Osburn et al. 2015). DOM is key to metabolic processes in
rivers and estuaries as it regulates carbon and nitrogen supply, which serves as the
building blocks for microbes, zooplankton, and phytoplankton (Wiegner and Seitzinger
2004; Blanchet et al. 2017). In addition, biotic and abiotic breakdown of terrestrially
derived organic matter transported via river discharge in coastal margins can potentially
contribute to environmental problems such as coastal eutrophication causing
phytoplankton blooms and hypoxia (Wiegner and Seitzinger 2004; Duan and Bianchi
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2006; DeVilbiss et al. 2016). Thus, it is clear that the rivers and streams are not simply a
conduit for the transport of water and materials but also serve as a reactor for material
transformation as opined by the river continuum concept (Vannote et al. 1980; Cole et al.
2007; Spencer et al. 2013; Raymond and Spencer 2014; Leech et al. 2016).
High discharge in streams and rivers contribute to higher DOM concentrations
especially during local rainstorm events within the watershed (Duan and Bianchi 2007;
Duan et al. 2007b; Catalan et al. 2013; Osburn et al. 2015; Leech et al. 2016).
Additionally anthropogenic activities (e.g., modifications to natural land cover within
watersheds) and natural in-situ DOM processing influence the spatial and temporal
changes in riverine DOM abundance and its composition (McKnight et al. 2002; Duan et
al. 2007b; Molinero and Burke 2009; Shank et al. 2009; Singh et al. 2017). Further,
hydrological, photochemical, and biogeochemical processes in the river and in the
watershed play a vital role in the seasonal expressions of DOM (Moran and Zepp 1997;
Duan et al. 2007b; Chen and Jaffé 2014; Graeber et al. 2015; Singh et al. 2015; von
Schiller et al. 2015). Hydrologic conditions define the flow path and control the rate of
transport of DOM within a watershed. This further implies that DOM export can be
directly linked to the amount of runoff and the variation in discharge conditions during
different periods of the year in a watershed (Eimers et al. 2008; Fellman et al. 2011;
Butturini et al. 2016). While high runoff produces high DOM exports during surficial
flow paths with shorter travel times when surface runoff intersect carbon-rich soil
horizons (Hood et al. 2006; O’Donnell et al. 2010; Butturini et al. 2016). DOM in deeper
flow path via groundwater travels through mineral soil horizons resulting in decreased
amounts due to sorption losses (Marschner and Kalbitz 2003; Banaitis et al. 2006; Kaiser
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and Kalbitz 2012). Numerous other studies have also reported seasonal changes in DOM
especially during episodic events such as snowmelt (Sebestyen et al. 2008; Balcarczyk et
al. 2009; Pellerin et al. 2011) and rainstorm events (Duan and Bianchi 2006; Fellman et
al. 2009; Singh et al. 2014), particularly the rainstorms that follow drought periods (Duan
et al. 2007b; Vazquez et al. 2010; Catalan et al. 2013; Leech et al. 2016). Therefore, it is
clear those seasonal changes in watershed characteristics (e.g., land use and land cover
change, hydrologic conditions) would influence the seasonal variation of organic matter
concentration and composition in aquatic environments.
Processes such as photochemical reduction and microbial degradation are
important pathways for the removal of labile DOM or alteration of refractory DOM in
aquatic ecosystems (Amon and Benner 1996; Obernosterer and Benner 2004; Wiegner
and Seitzinger 2004; Chen and Jaffé 2014). Both these processes influence the rates and
transformations of DOM facilitating its integration into the microbial loop (Coleman
1994; Moran and Zepp 1997; Bushaw-Newton and Moran 1999; Maie et al. 2012;
Cawley et al. 2014; Chen and Jaffé 2014; Nelson and Wear 2014). Sunlight enhances the
breakdown of higher molecular weight DOM molecules into smaller and more labile
compounds (Opsahl and Benner 1998; Wiegner and Seitzinger 2004; Cory et al. 2007;
Meng et al. 2013; Yang et al. 2014). For example, Opsahl and Benner (1998)
demonstrated the evidence of photo-induced changes in the molecular size distribution of
terrigenous DOM in the Mississippi River. Thus, photochemical processes can modify
DOM pool by facilitating numerous chemical reactions through production of
biologically labile compounds and dissolved inorganic carbon species or such as
ammonia and phosphate (Moran and Zepp 1997; Bushaw-Newton and Moran 1999;
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Shank et al. 2009; Maie et al. 2012; Schiebel et al. 2015). In addition to these products,
photo-oxidation of low molecular weight DOM may release other reactive free radical
species such as the organically bound iron (Fe) and hydroxyl (OH) radicals (Moran and
Zepp 1997; Schiebel et al. 2015; Sun and Mopper 2016). The resulting DOM and its
photoproducts are utilized by microbes and phytoplankton and incorporated into the
microbial loop (Wiegner and Seitzinger 2004; Bracchini et al. 2006; Boyer et al. 2006;
Stedmon et al. 2007). While microbes and phytoplankton can consume DOM directly
through the extracellular enzymatic hydrolysis and surface cell oxidation (Mulholland et
al. 1998; Wiegner and Seitzinger 2001), microbially mediated remineralization of DOM
produces refractory DOM and releases ammonia and phosphate back into the water
column (Wiegner and Seitzinger 2001; Keller and Hood 2011). Although it is clear from
these studies that many photo-induced chemical reactions involving different DOM
constituents have been examined, the extent of in-situ riverine processing and alterations
in its compositions are still unclear. Because the origin and chemical composition of
DOM has a large impact on its photo-reactivity and bio-reactivity, seasonal changes in
the quantity and quality of riverine DOM are of great environmental and ecological
significance (Bertilsson and Tranvik 2000). However, the difficulties in the
characterization of this organic matter present a major challenge for its use in
biogeochemical studies.
Characterizing DOM composition and its amount has been challenging since the
traditional analytical methods are laborious, time-consuming, expensive, and require
large sample throughputs. However, recent availability of increasingly rapid optical
analyses of the chromophoric (CDOM) and fluorescent (FDOM) fractions of the DOM
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pool allow rapid characterization of DOM quality using small sample amounts (~ 4 mL).
CDOM and FDOM also serve as optical proxies for DOM source and relative lability
(Cory et al. 2010; Cory and Kaplan 2012). Recently there has been increasing use of
optical measurements to gain insights into dissolved organic matter (DOM) composition
in aquatic ecosystems, and more precisely to identify DOM source in watersheds (Cory et
al. 2010; Miller and McKnight 2010; Singh et al. 2010a; 2015; 2017). Many of these
studies have also focused on obtaining biogeochemically meaningful results by utilizing
spectrofluorometric techniques such as absorption and fluorescence excitation-emission
matrix (EEM) measurements in conjunction with statistical tools, such as a multivariate
analysis technique named parallel factor analysis – PARAFAC (Stedmon et al. 2003;
Cory and McKnight 2005; Miller and McKnight 2010; Singh et al. 2015; Singh et al.
2017). The introduction of EEM-PARAFAC approach in watershed studies have helped
researchers to characterize DOM quality and quantity in number of research sites with
different environment ranging from oceanic to terrestrial regions (Balcarczyk et al. 2009;
Singh et al. 2010a; Graeber et al. 2012; Catalán et al. 2013; Singh et al. 2014). Despite an
increasing number of studies on DOM using EEM-PARAFAC in estuarine environments
(Yamashita et al. 2008; Santín et al. 2009; Hong et al. 2011; Cawley et al. 2012; Leech et
al. 2016; Osburn et al. 2016), the dynamics of DOM and its distribution in an estuarycoastal interface remain elusive.
The aim in the present study is to examine the seasonal variability of DOM
amount and quality in the lower Pearl River estuary located in southeastern Louisiana
using EEM-PARAFAC approach. This is the first study to my knowledge showing
seasonal distribution of DOM composition while utilizing EEM-PARAFAC techniques.
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It was hypothesized that hydrologic discharge would regulate riverine DOM properties.
The seasonal variability of dissolved organic carbon (DOC) and total dissolved nitrogen
(TDN) concentrations and DOM optical proxies representing quality descriptors with
respect to discharge were explored. It was further hypothesized that photochemical
processes distinctively affect DOM composition, especially during summer periods. In
particular, the objectives in this study were (i) to develop a site-specific PARAFAC
model for characterizing DOM composition, (ii) to assess the seasonal variability of
DOM in the lower Pearl River estuary, and (iii) to assess the relationship between
transport (e.g., discharge) and transformation (e.g., photochemical degradation) processes
on DOM characteristics for addressing the following questions:
1. What are the DOM characteristics that determine seasonality in a small black
water river system?
2. What are the drivers (hydrologic conditions versus photochemical process) of the
seasonal variability in DOM properties?
3.2
3.2.1

Methods
Study Area
The Pearl River is a small black water river lies within the Gulf-Atlantic Coastal

Plain Physiographic Region (Fig. 3.1). It drains an area of approximately 22,500 km2
constituting 24 counties of Mississippi and 3 counties of Louisiana. It has a meander
length of approximately 790 km and it empties into the Gulf of Mexico through Lake
Borgne Lagoon and the western Mississippi Sound (Duan et al. 2007; Duan and Bianchi
2007). The Pearl River drains five HUC8 watersheds namely Upper Pearl, Middle PearlStrong, Middle Pearl-Silver, Bogue Chitto, and the Lower Pearl River watersheds. This
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study was conducted in the Lower Pearl River watershed. The Bogue Chitto River is a
tributary of the Pearl River, but flows in the Lower Pearl River watershed also. DOM
originating from distant sources or upper reaches of the watershed may not reflect the
characteristics of DOM found in the water body and is less likely to affect the DOM
composition in the estuary given the distance from the estuary to the upper reaches of the
watershed. Hence, following a practical approach, two HUC8 watersheds, the Lower
Pearl River watershed and the Bogue Chitto River watershed have been considered as the
determinant of DOM composition in the Lower Pearl River Estuary. These two
watersheds combined cover an area of approximately 7,848 km2.
Productive Oyster reefs in the western Mississippi sound are dependent on the
salinity moderation that the Pearl River provides. However, with freshwater, the river
brings in high amount of suspended sediments, pathogens, nutrients, and organic matter
that result in a myriad of water quality issues. Additionally, the marshes and oyster reefs
in these areas take a direct hit from the frequent hurricanes in this area, for example, by
Hurricane Katrina in 2005, and then Hurricanes Gustav in 2008, Isaac in 2012 etc. The
Deepwater Horizon Oil Spill further compounded hurricanes Katrina and Gustav’s
damage in 2010. Many poor fishermen depend on these oyster reefs for their livelihood.
Additionally, the Lower Pearl River estuary is home to two federally threatened species
such as the Gulf Sturgeon and the endemic Ringed Sawback turtle.
The climate in the study area is humid subtropical (type Cfa according to Köppen
classification system) characterized by a long, hot summer period and mild winters
(Kottek et al. 2006). The average temperatures range from 11 ºC in January to 28 ºC in
July (www.ncdc.noaa.gov). Precipitation is evenly distributed throughout the year with a
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mean annual precipitation of 1524 mm. During winter and spring, cold fronts typically
characterize precipitation patterns while summer and fall precipitation occurs mostly due
to convective activities with periodical cyclones and hurricanes reaching to the northern
Gulf shores.

Figure 3.1

3.2.2

Location of the study area with 148 data collection sites indicated.

Water sample and ancillary data collection
Surface water samples were collected during four field campaigns each spanning

a week period. The field campaigns were conducted in December (winter) 2014, March
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and May (spring), and August (summer) 2015 in the lower Pearl River. Water samples
were collected from a total of 148 sampling sites in the estuarine region of lower Pearl
River located in the southeastern Louisiana (Fig. 3.1). Temperature, salinity, pH, and
dissolved oxygen (DO) were also measured at each site using a calibrated Hanna multiparameter probe (HI9828, Hanna Instruments, Woonsocket, RI, USA). After collection,
the water samples were brought to the laboratory on ice and filtered through 0.2-μm filter
papers (Millipore Inc., Billerica, MA, USA) at the end of the day of water sample
collection. After filtration the water samples were stored in a refrigerator at 4 °C in 100
mL amber glass bottles for UV absorbance and fluorescence measurements and the
determination of dissolved organic carbon (DOC) and total dissolved nitrogen (TDN)
concentrations.
3.2.3

DOM concentration and quality measurements
DOC concentrations were measured using high-temperature catalytic oxidation

(HTCO) and TDN concentrations by oxidative combustion chemiluminiscence,
respectively, on a Shimadzu TOC-VCSN (Shimadzu Scientific Instruments, Columbia,
MD) coupled with a TN analyzer unit. The coupled system allowed simultaneous
determination of DOC and TDN in the same sample using a single injection and provided
low detection limits and appreciable linear ranges for both DOC and TDN.
Measurements were determined with a precision of < 5% for both analytes (Lu et al.
2013; Lu et al. 2014). In this study, four qualitative DOM descriptors were used: ratio of
DOM absorbance at 250 nm and 365 nm, a250:a365 absorbance ratio (also called E2:E3;
Peuravuori and Pihlaja 1997; von Schiller et al. 2015; Santos et al. 2016), specific UV
absorbance at 254 nm (SUVA254; Weishaar et al. 2003), fluorescence index (FI;
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McKnight et al. 2001; Cory and McKnight 2005), and biological index (BIX; Huguet et
al. 2009; Wilson and Xenopoulos 2009). Two more DOM quality descriptors:
humification index (HIX; Ohno 2002) and spectral slope ratio (SR; Helms et al. 2008;
Helms et al. 2013) were also calculated. E2:E3 ratio is reported to be an optical measure
of changes in relative size of DOM molecules and inversely proportional to molecular
weight (MW) in addition to showing the photo-degradability and photo-reactivity of
DOM (Dalrymple et al. 2010; Chow et al. 2012). Specific ultraviolet absorbance (SUVA)
was calculated as the ratio of the decadic absorption coefficient at 254 nm to the DOC
concentration, with measurement units as Lmg-1m-1 (Miller et al. 2016). SUVA has been
widely recognized as a surrogate of aromatic carbon content of DOM (Weishaar et al.
2003; Chow et al. 2012). While SUVA254 is also an indicator of DOM bioavailability and
biodegradability (Marschner and Kalbitz 2003), which provides a more qualitative
indication of aromaticity, fluorescence may be a more reliable tool when attempting to
discriminate between aquatic and terrestrial DOM source pools (Hood et al. 2006; Jaffé et
al. 2008; Cory et al. 2011). McKnight et al. (2001) developed a fluorescence index (FI) to
differentiate precursor DOM sources (i.e., aquatic versus terrestrial). This index is
calculated as the ratio of fluorescence emission intensity at 470 and 520 nm with an
excitation at 370 nm, which provides a measure of the steepness and shape of the
emission intensity peak (Cory and McKnight 2005). Larger rivers predominately
exporting terrestrially derived DOM across the U.S. reported FI values 1.4 to 1.5. In
contrast, lakes within the U.S. had higher FI values ranging from 1.6 to 1.9 (McKnight et
al. 2001). While FI is extremely useful in discriminating between aquatic and terrestrial
organic matter source material (McKnight et al. 2001; Korak et al. 2014), weak responses
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to changes in FI among terrestrial source pools have also been reported (Hood et al. 2006;
Roelke et al. 2006). The biological index (BIX) was measured as the ratio of fluorescence
emission intensity at 380 nm divided by the emission intensity maximum observed
between 420 and 440 nm, obtained at excitation 310 nm (Huguet et al. 2009; Wilson and
Xenopoulos 2009). This index, also known as freshness index, is an indicator of the
contribution of fresh DOM originating from autochthonous production or biological
activity (Wilson and Xenopoulos 2008; Wilson and Xenopoulos 2009; Singh et al. 2015)
and has been determined for various ecosystems (Huguet et al. 2009; Singh et al. 2010b;
Duan et al. 2015; Singh et al. 2017). High BIX values (>1) suggest a predominantly
autochthonous origin of DOM relating to the presence of freshly released DOM in
aquatic systems, whereas lower BIX values of 0.6-0.7 indicate lower DOM production in
these systems (Huguet et al. 2009).
3.2.4

Absorption and fluorescence EEM measurements
UV-Vis absorption and fluorescence measurements were performed using the

PerkinElmer Lambda 850 double-beam spectrophotometer (PerkinElmer, Inc., Waltham,
MA, USA) and Fluoromax-4 fluorometer (Horiba Jobin Yvon, Inc., Edison, NJ, USA),
respectively. Detailed information on sample processing protocols are discussed by Singh
et al. (2017) and Dash et al. (2015). Briefly, the absorption spectra of the water samples
were obtained between 200 and 750 nm at 2-nm intervals. Absorbance values at
wavelength, λ, corrected for particle-free Nanopure Milli-Q water blanks (at purity level
of 18.2 MΩ) were converted to Napierian absorption coefficients (a in units m-1) using
the following equation:
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𝑎(𝜆)= 2.303∗𝐴(𝜆)
𝐿

3.1

where A(λ) is the absorbance measured at a wavelength λ and L is the path length in
meters (Singh et al. 2010; Dash et al. 2010; Singh et al. 2017).
Fluorescence EEMs were recorded for excitation in the range 240 to 450 nm at
every 10-nm intervals and emission in the range 300 to 550 nm at every 2-nm. The EEM
scans were collected in ratio mode (S/R mode) with dark offset and a bandwidth setting
of 5-nm for both the excitation and emission. To correct for instrument bias, factorysupplied correction factors were applied to the scans. A daily lamp scan, cuvette check,
and water Raman scan were collected to ensure instrument stability. EEM processing for
the corrections and blank subtractions were carried out in MATLAB 7.12 (MathWorks
Inc., Natick, MA, USA) following the recommendations of Cory et al. (2010).
Absorption spectra were applied to correct for inner filter effects (IFE) in blank and
sample EEM scans. Following IFE correction, EEM scans were normalized to daily
analyzed water Raman integrated area under maximum fluorescence intensity (Ex350/Em-397, 5-nm bandwidth) as suggested by Lawaetz and Stedmon (2009) to
normalize the EEM data to a comparable Raman units (R.U.; nm-1). Finally, corrected
Milli-Q water (blank) EEMs were subtracted from the sample EEMs to eliminate any
influence of Raman peaks. EEM scans were normalized by the maximum-recorded
fluorescence intensity for each sample. This processing step ensured that all the samples
had equal weightage in PARAFAC modeling procedure (Westerhoff et al. 2001; Singh et
al. 2013).
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3.2.5

EEM-PARAFAC analysis
A total of 148 EEM scans were used to develop a site-specific parallel factor

analysis (PARAFAC) model using MATLAB 7.12 and DOMFluor toolbox (ver., 1.7;
Feb., 2009) (Stedmon and Bro 2008; Singh et al. 2010b; Singh et al. 2017). In this study,
a EEM-PARAFAC model of four distinct fluorescence components (C1-C4) was
validated by split-half analysis and random initialization explaining more than 99% of
variation in the EEM dataset. Details of steps for performing PARAFAC modeling using
EEMs are discussed by Singh et al. (2010a; 2010b; 2013; 2014a; 2014b; 2015; 2017).
The relative abundance of each of these four fluorescent components (Cn, n = 1 to 4) was
calculated as the % contributions of the individual fluorescence components by dividing
each component Fmax score by the sum of the total fluorescence intensity (sum of Fmax
scores of all four components) as discussed by Fellman et al. (2009) and Lu et al. (2013).
%𝐶𝑛 =

𝐹𝐶𝑛 ∗100
𝑇𝐹

𝐹

= ∑4𝐶𝑛

∗100

𝑛=1 𝐹𝐶𝑛

3.2

where FCn represented fluorescence intensity of each specific fluorescent component and
TF was total fluorescence intensity.
3.2.6

Photochemical degradation experiment
For the photochemical degradation experiment, 3L of water sample was collected

on September 13, 2016 from the lower Pearl River estuary near NASA’s John C. Stennis
Space Center, Mississippi. The water sample was brought to the laboratory on ice and 2L
of water sample was filtered using 0.2 µm filter papers. 180 mL of this bacteria-free
filtrate and 20 mL of unfiltered water sample (as inoculum) was dispensed each to a total
of six 250 mL French square clear glass bottles and six 250 mL amber glass bottles
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maintaining a headspace of 50 mL. Six of the French square clear glass bottles are
labeled as sunlight samples while the other six amber glass bottles were wrapped with
aluminum foil and labeled as dark controls. The subsamples were shaken well to mix
thoroughly prior to starting the experiment. The bottle heads were covered with parafilm
to allow gas exchange (e.g., oxygen) while protecting the samples from any outside
contamination that may occur while the subsamples were left outside in the natural
sunlight. The subsamples (both dark and sunlight) were exposed to natural sunlight for 68 hours each day for 10 consecutive days. During 10-day experiment, subsamples were
collected after 1, 3, 5, 7, and 10 days. Immediately, after the end of each day collection,
samples were re-filtered through the 0.2 µm filter paper to reduce any masking effects of
flocculation that may have occurred while incubation and storage to photochemical
degradation (Shank et al. 2009; Shank et al. 2011). Theses re-filtered subsamples were
kept refrigerated until spectroscopic (absorption and fluorescence) measurements.
Fluorescence intensity values for the PARAFAC modeled components (C1-C4) were
identified from the excitation-emission peak positions in EEMs measured for
photochemical degradation experiment.
3.2.7

Statistical analysis
Statistical differences between sources (observations) and groups (seasons) were

determined using one-way analysis of variance (ANOVA) with subsequent Tukey-HSD
pairwise multiple comparison post-hoc analyses and plotted with R software version
3.3.3 (R Core Team, 2017). One-way ANOVA offers a statistical method to compare
differences across multiple group means. The null hypothesis was that the seasonal
means for each parameter (e.g., DOC) are not different. One-way ANOVA is more
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appropriate method choice here for comparing group means over t-tests because three
seasons were compared. Multivariate Pearson correlations between PARAFAC
components (C1-C4), DOM concentrations (DOC and TDN) and quality descriptors (i.e.,
SUVA254, E2:E3, BIX, and FI) were performed using JMP Pro 13.1.0 statistical software
package (SAS Institute Inc., Cary, NC). All the statistical analyses were computed at a
95% significance level (α = 0.05) unless stated otherwise. Non-metric multidimensional
scaling (NMDS) was performed using R software version 3.3.3 (R Core Team, 2017) and
applied to the data set to ordinate the samples by DOM properties (DOC, TDN,
PARAFAC components (C1-C4), SUVA254, E2:E3, BIX, and FI) and hydrographic
parameters (temperature, salinity, pH, and DO) using the matrix imputation by BrayCurtis dissimilarity calculation. NMDS ordination technique uses rank orders and has
been shown to be efficient in grouping samples in many DOM studies (Vazquez et al.
2010; Catalan et al. 2013; Kellerman et al. 2014).
3.2.8

Delineation of Land use and land cover of the watershed
Watershed boundaries for the lower Pearl River and the adjacent Bogue-Chitto

River were determined using USDA NRCS eight-digit watershed boundary dataset and
merged into a single watershed. The land use and land cover dataset in the merged
watershed were calculated from the Cropland Data Layer (CDL) from the USDA NRCS
Geospatial Data Gateway by combining the original 255 classes to output eight major
land use and land cover classes including agriculture, aquaculture, barren, forest,
rangeland, wetland, urban, and open water (Johnson and Mueller 2010; USDA 2017).
The grouping of 255 classes into eight classes was achieved by following the Level I
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classification scheme of Anderson et al. (1976) for land use and land cover. The CDL
data used in this study had an overall accuracy of 80.7%.
3.2.9

Collection of hydrographic parameters
Water discharge data for the Pearl River were obtained from U.S. Geological

Survey site at Bogalusa, Louisiana. The multi-sensor precipitation estimates (MSPE)
derived from hourly Weather Surveillance Radar – 1988 Doppler (WSR-88D) data were
used in this study. From the hourly precipitation estimates, daily totals were calculated
for the study period. The MSPE data is used here because of its high spatial resolution
(4km x 4km). The data is generated for a 15-month period over the study area centered at
Bogalusa, Louisiana with a 0.5º x 0.5º grid (roughly 50km x 50km in all directions from
Bogalusa). Detailed information about estimating the MSPE data is given by Dyer and
Mercer (2013).
3.3
3.3.1

Results
Land use and land cover in the watershed
The land cover in the watershed is dominated by rangeland (37%) that includes

shrubland and grassland/pasture followed by natural forest (30%), which includes
evergreen, deciduous and mixed-forests (Fig. 3.2). Herbacious and woody wetland areas
make up 23% of the land cover and are distributed mainly along the river channel while
the urban areas and croplands make upto 7 and 1% of the land cover, respectively in the
watershed.
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3.3.2

Seasonal patterns of hydrographic parameters
Salinity ranges in the surface water samples were 0.0-3.6, 0.1-14.3, and 0.3-12.6

(psu) during spring, summer, and winter, respectively. Surface water temperature varied
from 16.7 to 28.0 °C, 30.0 to 34.0 °C, and 13.8 to 15.8 °C, respectively during spring,
summer, and winter seasons. DO was between 0.4 and 8.6 mgL-1, 0.8 and 2.7 mgL-1, and
5.2 and 10.5 mgL-1, respectively during spring, summer, and winter seasons, respectively,
whereas the pH was between 7.9 and 10.3, 7.0 and 9.1, and 9.1 and 11.3, respectively
during spring, summer, and winter seasons (Table 3.1). Both DO and pH followed an
inverse pattern to temperature values during seasons. Water discharge in the Pearl River
was characterized by a high frequency seasonal variability with highest flow observed
during spring (March and April) 2015 following precipitation events (Fig. 3.3). In
addition, a long low-flow period occurred during summer 2015 from July to October.
Water discharge in the lower Pearl River at Bogalusa averaged 7430 ft3s-1 (range: 1360 –
31800 ft3s-1) from November 2014 to December 2015 (Fig. 3.3). In general, high
discharge occurred between late fall and early summer followed by a prolonged dry
period of low discharge from mid-summer to early fall. Average discharge during spring
2015 was 13914 ft3s-1, followed by an average lowest discharge (3207 ft3s-1) during
summer 2015. The four sampling dates are shown during representative stages of the
hydrograph (Fig. 3.3).
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Figure 3.2

Land use and land cover in the lower Pearl and Bogue-Chitto river
watershed.

Figure 3.3

Discharge and precipitation data for USGS measuring station located at
Bogalusa, LA is presented here along with a long-term median (~ 77 years)
discharge (shown with grey circles). Discharge is given by blue solid line
while the precipitation is shown with inverted bar plots from secondary xaxis. Solid red triangles correspond to the weeks of water sampling.
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Table 3.1

Seasonal distribution of PARAFAC modeled fluorescence components,
DOM concentrations (DOC and TDN) and quality descriptors, and
hydrographic parameters are shown for the lower Pearl River estuary.

Variables

Spring

Summer

Winter

C1 (%)

30.59 ± 1.71 (77)

26.24 ± 0.92 (35)

26.08 ± 0.48 (29)

27.08 − 34.29

23.96 − 28.93

25.28 − 27.07

32.82 ± 0.74 (77)

31.92 ± 0.80 (35)

31.71 ± 0.38 (29)

30.68 − 34.65

30.20 − 33.87

30.83 − 32.20

19.83 ± 0.84 (77)

24.36 ± 0.45 (35)

23.67 ± 0.25 (29)

18.36 − 23.45

22.77 − 25.10

23.03 − 24.16

6.73 ± 1.37 (77)

14.98 ± 1.66 (35)

18.45 ± 2.57 (29)

4.59 − 10.98

10.04 − 17.74

14.32 − 24.88

6.73 ± 1.58 (76)

3.95 ± 0.71 (36)

2.33 ± 0.30 (29)

0.68 − 11.37

2.73 − 5.83

1.55 − 3.09

0.29 ± 0.08 (76)

0.11 ± 0.03 (36)

0.18 ± 0.04 (29)

0.01 − 0.50

0.04 − 0.17

0.11 − 0.28

4.68 ± 0.80 (75)

2.81 ± 0.40 (36)

4.69 ± 0.90 (29)

2.95 − 7.38

1.73 − 3.56

3.31 − 6.90

1.39 ± 0.02 (77)

1.48 ± 0.01 (36)

1.49 ± 0.01 (29)

1.32 − 1.45

1.44 − 1.50

1.46 − 1.51

0.56 ± 0.02 (77)

0.69 ± 0.02 (36)

0.69 ± 0.01 (29)

0.52 − 0.62

0.64 − 0.77

0.67 − 0.71

4.73 ± 0.35 (78)

5.93 ± 0.53 (36)

5.14 ± 0.34 (30)

4.14 − 5.52

4.93 − 6.97

4.31 − 5.82

0.76 ± 0.07 (77)

0.66 ± 0.08 (36)

0.60 ± 0.12 (29)

0.54 − 0.88

0.40 − 0.81

0.38 − 0.81

0.80 ± 0.04 (78)

1.04 ± 0.08 (36)

0.81 ± 0.13 (30)

0.72 − 0.96

0.89 − 1.31

0.69 − 1.03

23.01 ± 3.67 (79)

31.65 ± 0.73 (38)

14.82 ± 0.61 (29)

16.66 – 28.02

29.97 – 33.91

13.75 − 15.73

0.39 ± 0.64 (79)

7.99 ± 4.16 (38)

5.72 ± 3.79 (29)

0.02 – 3.61

0.06 – 14.33

0.25 − 12.56

3.34 ± 2.27 (79)

1.82 ± 0.46 (38)

7.52 ± 1.70 (29)

0.43 – 8.55

0.75 – 2.68

5.24 – 10.53

9.01 ± 0.51 (79)

8.08 ± 0.36 (38)

10.08 ± 0.69 (29)

C2 (%)
C3 (%)
C4 (%)
DOC (mgL )
-1

TDN (mgL )
-1

SUVA254 (Lmg m )
-1

-1

Fluorescence Index, FI
Biological Index, BIX
E2:E3 (a250:a365)
Humification Index, HIX
Spectral Slope ratio, SR
Temperature (°C)
Salinity (psu)
DO (mgL )
-1

pH

7.94 – 10.34
7.02 – 9.07
9.09 − 11.26
Values of the parameters are represented as Mean ± Std. Dev. Sample size is represented within
brackets (N). Minimum and maximum of the values are shown as Min − Max.
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3.3.3

Seasonal patterns of DOM descriptors
DOC and TDN concentrations were highest during high flow periods during

spring with average concentrations of 6.73 (±1.58) and 0.29 (±0.08) mgL-1, respectively
(Table 3.1 and Fig. 3.4). The DOC and TDN concentrations during summer were 3.95
(±0.71) and 0.11 (±0.03) mgL-1, respectively. DOC concentration was lowest during
winter season with an average value of 2.33 (±0.30) mgL-1. Significantly higher TDN
concentration of 0.18 (±0.04) mgL-1 was observed during winter season, while the lowest
concentration was observed during the summer season. The highest average SUVA254
was observed during winter season (4.69 ± 0.90 Lmg-1m-1) and lowest was recorded
during the summer season (2.81 ± 0.40 Lmg-1m-1). However, SUVA254 values were not
significantly different between spring (4.68 ± 0.80 L mg-1m-1) and winter seasons
indicating similar DOM sources during these periods. Average values of an absorbance
derived DOM descriptor, E2:E3 showed highest values during summer (5.93 ± 0.53)
while the lowest E2:E3 values were observed during the spring season (5.14 ± 0.34) with
an intermediate value observed during the winter season (4.73 ± 0.35). Both FI and BIX
showed the highest average values during winter (1.49 ± 0.01 and 0.69 ± 0.01,
respectively), medium values during the summer (1.48 ± 0.01 and 0.69 ± 0.02,
respectively), and low values during spring season (1.39 ± 0.02 and 0.56 ± 0.02,
respectively) (Table 3.1 and Fig. 3.4).
3.3.4

Seasonal patterns of PARAFAC components
PARAFAC analyses of fluorescence EEMs provided the dominant fluorescing

components within the total DOM pool and determined distinct seasonal shifts in the
proportion of individual DOM components. Both the components C1 and C2 are
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indicative of the presence of terrestrially derived humic-like organic matter (Fig. 3.5 and
Table 3.2). Component C1 has been previously defined as soil-derived organic matter
while the abundance of C2 has been commonly observed in various aquatic environments
as a result of degrading plant and animal detritus (Singh et al. 2010b; Osburn et al. 2016;
Singh et al. 2017). Component C3 has operationally been attributable to microbial humiclike DOM and has been found both in terrestrial and marine environments (Liu et al.
2009; Romera-Castillo et al. 2011; Singh et al. 2017). This component also has similar
spectral features to a component found in a previous study by Stedmon and Markager
(2005), where the authors attributed its origin to microbially processed phytoplankton
degradation products. While the fluorescence characteristics of component C4 reflect the
organic matter similar to free tryptophan or protein-like DOM, autochthonous production
of DOM in addition to microbial degradation can also generate similar fluorescence
features in many terrestrial and oceanic environments (Lapierre and Frenette 2009; Para
et al. 2010; Zhang et al. 2010; Tedetti et al. 2011). In addition, this component is also
similar to microbially deduced DOM in multiple environments ranging from agricultural
runoff inputs in streams, wastewater-impacted streams, and in natural streams due to in
situ biological processing (Table 3.2).
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Figure 3.4

Seasonal distributions of (a) DOC, (b) TDN, (c) SUVA254, (d) E2:E3, (e)
FI, and (f) BIX for the lower Pearl River estuary.
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Figure 3.5

Four PARAFAC modeled components (C1-C4) identified in this study are
shown here.

Table 3.2

Descriptions and the characteristics of the four PARAFAC modeled
fluorescence DOM compositions identified in this study and their
comparison against those previously reported in the literature.

Components

I

II

III

IV

V

VI

VI
I

VI
II

Description and origin of DOM
composition and possible sources

C1 (< 250380/500)

C2

C3

C2

C4

C3

C4

C2

C3

C2 (< 250335/434)

C4

C2

C1

C2

C1

C2

C1

C1

C3 (<250300/396)

C6

C6

C3

C3

C2

C8

C4

C2

C4 (280/330)

C7

C4

C5

―

C4

C7

C5

C4

UVA humic-like; terrestrial origin or
allochthonous transport; primarily in soilderived material; reduced terrestrial DOM;
common in wide range of freshwater
environments such as wetlands and
rangelands.
UVA humic-like; terrestrial origin or
allochthonous transport; common to wide
range of freshwater, estuarine and oceanic
aquatic environments.
Microbial humic-like; component similar
to polyaromatic hydrocarbons (PAHs);
biological and/or microbial origin; photolabile DOM product.
Protein-like (Tryptophan-like) DOM;
autochthonous production; similar to Ncontaining fluorophores such as indoles;
also commonly found in agriculture and
wastewaters.

(Ex/Em)

I: (Stedmon and Markager 2005); II: (Yamashita et al. 2008); III: (Santín et al. 2009); IV: (Singh et al. 2010); V:
(Guo et al. 2011); VI: (Osburn et al. 2015); VII: (Arellano and Coble 2015); VIII: (Singh et al. 2017)
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The percent contribution of components C1 (soil-derived humic-like DOM) and
C2 (terrestrially originated humic-like DOM) composed the majority of the fluorescence
signal for all samples, averaging 30.59 ± 1.71% and 32.82 ± 0.74%, respectively during
spring (Fig. 3.6 and Table 3.1). Both these DOM components (i.e., C1 and C2) were
found to have much lower concentrations during summer (26.24 ± 0.92% and 31.92 ±
0.80%, respectively) and winter (26.08 ± 0.48% and 31.71 ± 0.38%, respectively). The
proportion of component C3, which has fluorescence characteristics resembling
microbially derived humic-like DOM, was highest during summer (24.36 ± 0.45%),
whereas the lowest values were observed during spring (19.83 ± 0.84%). During winter
season, the proportion of the component C3 (23.67 ± 0.25%) was found to be
intermediate during summer and spring seasons. The proportion of the component C4,
which has fluorescence characteristics that resemble protein-like DOM (e.g., amino acids
tryptophan), was composed of a smaller proportion of fluorescence in total DOM pool.
The proportion of C4 varied seasonally in the lower Pearl River estuary, accounting for
the highest value during winter (18.45 ± 2.57%), followed by an intermediate value
during summer (14.98 ± 1.66%), and very low value during the spring (6.73 ± 1.37%)
season (Fig. 3.6 and Table 3.1).

67

Figure 3.6

3.3.5

Seasonal distributions of the PARAFAC modeled components (a) C1, (b)
C2, (c) C3, and (d) C4 in the lower Pearl River estuary.

DOM components relationships with salinity
The relationships between salinity and fluorescence intensity of individual

fluorescent components, DOC, and FI in lower Pearl River estuary is shown in the Fig.
3.7. The fluorescence DOM components showed non-conservative relationships with
salinity. The non-conservative relationships are indicative of non-linear variations in
DOM properties with salinity suggesting biogeochemical processes are in action during
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DOM transport. The terrestrially derived humic-like fluorescence components, C1 and
C2, generally showed decreasing trend with increasing salinity. However, it is to be noted
that the component C2, which is common in many terrestrial environments, showed a
relative conservative mixing as compared against the soil-derived humic-like DOM (C1).
The microbial humic-like DOM (C3), in fact, showed a substantially increasing trend
with increasing salinity and this relationship could not be explained by conservative
mixing. This indicates that the presence of this fluorescence component could have
originated from microbially mediated photo- or biodegradation of terrestrially derived
organic matter inputs into the estuary (Yamashita et al. 2008). Component C4, which
represents a protein-like or tryptophan-like amino acid DOM also showed an increasing
trend with increasing salinity. High abundance of protein-like DOM, which has been
considered to be a labile DOM in high salinity waters, could have resulted from
biological production in estuarine environments (Yamashita et al. 2008; Cawley et al.
2012; Cawley et al. 2014). After the microbial processing of autochthonous DOM within
the water column, the remains of the degraded organic material could also produce
biologically labile component such as protein-like DOM, C4, in estuarine waters
(Yamashita et al. 2008). In addition, DOC concentration also followed a similar pattern to
terrestrial humic-like fluorescence components, C1 and C2, and decreased with
increasing salinity. However, FI at higher values (> 1.4), suggestive of microbial origin
of DOM showed an increasing pattern with increasing salinity indicating higher
biological activity in estuarine waters on DOM transported from terrestrial landscapes.
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Figure 3.7

Relationships between PARAFAC modeled components (a) C1, (b) C2, (c)
C3, (d) C4, (e) DOC, and (f) FI with salinity for lower Pearl River estuary.
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3.3.6

DOM photochemical experiments
Photochemical degradation causes bleaching and alters the chemical composition

of total DOM pool. In particular, photo bleaching causes specific fluorescence to
decrease (Mopper et al. 1991; Vodacek et al. 1995; Mopper et al. 2015). Thus, to better
understand the role of photochemical degradation on the fate of DOM during their
transport in the lower Pearl River estuary, the photo-degradation potential of the DOM
sample was investigated using natural sunlight exposure (McCallister et al. 2005; Shank
et al. 2009; Meng et al. 2013). The photo-degradation caused considerable changes in the
bulk concentration of DOM as indicated by absorbance values shown in Table 3.3, with a
decrease of 30 to 40%. Although all the fluorescence components (C1-C4) declined
gradually over the 70-hr period of sunlight exposure, the terrestrially derived humic-like
DOM, both C1 and C2, had the largest rates of decline ranging between 70 to 75%. In
comparison, the loss in C4 was lowest at 25% and the microbial humic-like DOM (C3)
declined to 50% of its pre-irradiation values (Figs. 3.8 and 3.9; Table 3.3). These results
suggest that terrestrial humic-like organic materials are more vulnerable to photochemical
degradation during summer. Half-lives of photo-bleached DOM composition (C1-C4)
were computed using exponential decay equation (Table 3.3), which showed a range of
37 to 201 h for lower Pearl River estuary sample of summer 2016. The shortest half-lives
for components C1 and C2 were 37 to 39 h, respectively indicating that terrestrial derived
organics were highly susceptible to photo-induced alterations. This is comparable to the
findings of Caffrey et al. (2014), who suggested a 11-day residence time of waters in
Grand Bay, a bay close to the Pearl River mouth. Hence, it appears that the terrestrial
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DOM from lower Pearl River may disappear rapidly along its transport under higher rates
of photochemical reactions.
Table 3.3

Initial (Preirradiation)
Final (Postirradiation)
Percent
Remaining
y0
a
k (hr-1)
half-life (h)
R2
p-value

Initial (pre-irradiation), Final (post-irradiation), Percent Remaining and
three-parameter exponential decay/growth model [y = y0 + a*e(-kt) or y = y0
+ a*(1-e(-kt))] with rate of decay/growth k (hr-1) for PARAFAC components
and DOM descriptors, after 10-day photochemical degradation experiment
for the lower Pearl River estuary for a water sample collected on
September 13, 2016.
a254
(m-1)

a350
(m-1)

S275-295 C1
(μm-1)

C2

C3

C4

55.37

15.31

14

0.44

0.79

0.71

0.28

39.96

8.73

18

0.12

0.23

0.34

0.22

72.18

57.00

−

26.77

29.45

47.32

77.13

23.50
32.31
0.0097
≈ 149
0.97
0.0053

6.77
8.70
0.0215
≈ 86
0.97
0.0054

0.01
0.01
0.0287
−
0.98
0.0021

13.88
5.80
0.1168
≈ 37
0.95
0.0118

22.93
11.93
0.0201
≈ 39
0.98
0.0026

31.81
5.62
0.0850
≈ 66
0.97
0.0045

14.24
20.03
0.0091
≈ 201
0.89
0.0390

In this study, a clear distribution in NMDS space and clusters were observed for
spring, summer, and winter seasons (Fig. 3.10). The first axis (dimension 1) was related
to DOM concentration and lability. Spring samples were grouped in positive side of
dimension 1 and were linked to highly colored aromatic DOM as indicated by high
SUVA and high DOM concentrations as indicated by high DOC and TDN. In addition,
both the terrestrial derived DOM components, C1 and C2, were located in the same
direction as of both DOC and TDN concentrations. The negative side on dimension 2
depicts microbially generated DOM (high FI and BIX) indicating labile DOM. High
humic-like DOM was observed during spring while summer and winter samples showed
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labile DOM character of microbial origin. Hydrographic variables (temperature, salinity,
pH, and DO) showed the dispersion of samples along the second axis (dimension 2).
Temperature was plotted on the positive side of dimension 2, which showed higher
influence of temperature during summer while pH and DO were plotted on the negative
side of dimension 2 showing pH and DO controlled the DOM character during winter
(Fig. 3.10). Similar to NMDS ordination results, the correlations between DOM
concentrations (DOC and TDN), compositions (C1-C4), and quality descriptors (optical
indices), and hydrographic parameters showed strong relationships between terrestrial
humic-like DOM (both C1 and C2) and DOC, FI, BIX, and E2:E3. Microbial humic-like
DOM (C3) also depicted strong relationships with DOC, FI, BIX, E2:E3, and salinity
(Table 3.4).
3.4

Discussion
Estuaries are highly dynamic and complex ecosystems with highly variable

autotrophic and heterotrophic bacterial activities primarily depending on seasonal
hydrologic and climatic conditions (Caffrey et al. 2014; Oestreich et al. 2016). Seasonal
changes in flow conditions may influence DOM quantity and quality thereby shaping
estuarine microbial loop dynamics and net ecosystem metabolism while transporting
riverine organic material (Leech et al. 2016). Because DOM transport by black water
rivers may play an important role in biogeochemistry of coastal waters, therefore
examining amount and quality of organic solutes from such rivers during varying
hydrologic and climatic conditions need careful consideration.
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Figure 3.8

Results of photochemical degradation experiment for PARAFAC modeled
components for the lower Pearl River estuary.

Figure 3.9

Photo bleaching of DOM is observed in EEMs after 70-hrs of natural
sunlight exposure.
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Figure 3.10

Non-metric dimensional scaling (NMDS) ordination of DOM concentration
(DOC and TDN), PARAFAC modeled composition (C1-C4), DOM
metrics (optical indices), and hydrographic parameters.
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TDN

-0.88

C3

-0.58

0.73

C3

C2

C2

C1

Correlation analysis of four PARAFAC components, DOM concentration (DOC and TDN) and quality descriptors, and
hydrographic parameters measured in lower Pearl River estuary.

Variables

Table 3.4
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3.4.2

Seasonal distributions of DOM concentration and composition
DOC and TDN concentrations and optical proxies measured for lower Pearl River

estuarine waters during spring, summer, and winter seasons are summarized in Table 3.1.
Increases in discharge and faster runoff with shorter flushing times have resulted in
increases in DOM concentrations in various estuarine waters (Duan et al. 2007a; Petrone
et al. 2011; Bittar et al. 2016). The same phenomenon, freshwater discharge and flushing
time influencing DOM concentration and composition were also observed in this study
throughout the sampling period (Fig. 3.3). DOC and TDN concentrations were highest
during spring high discharge periods. Following the patterns of DOC concentration, the
concentrations of two humic-like DOM components, C1 and C2, were also highest during
spring and showed highly humic and aromatic character marked by higher HIX and
SUVA254 values that was presented in Table 3.1. Previous studies associated high DOM
concentrations and humic and aromatic character to high discharge (Duan et al. 2007a;
Duan and Bianchi 2007; Bittar et al. 2016; Leech et al. 2016). During high discharge
following precipitation events, terrestrial organic materials flush out from near-stream or
riparian zones that could potentially contribute to high DOM levels in streams (Buffam et
al. 2007; Singh et al. 2014; Osburn et al. 2015). Condensed, high molecular weight
humic-rich organic materials from riparian soils with strong light absorption
characteristics usually dominate this DOM in streams. Significantly high levels of this
type of DOM were observed in spring, which corresponded with high discharge in spring
(Fig 3.3). DOM from riparian soils and sediments were attributed to the occurrence of
high concentration in component C1. Component C2 has been found to have spectral
signatures similar to fluorescence organic matter derived from terrestrial landscape
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potentially from the degradation of vascular plants detritus and dead animal tissues. High
concentrations of component C2 in spring are again attributable to runoff post
precipitation events. Additionally, the optical proxies FI, BIX, and E2:E3 that are
indicative of autochthonous DOM of microbial origin were low in spring. Additionally,
reduced levels of components C3 and C4 also indicate lower concentration of microbial
and/or autochthonous DOM during the spring season in this study. Numerous studies
have found high levels of DOM of terrestrial inputs to be associated with DOM of high
humic and aromatic character (Duan et al. 2007a; Mann et al. 2012; Bittar et al. 2016;
Leech et al. 2016). Results from this study are consistent with these previous studies in
estuarine waters and suggest that the shorter flushing times in spring after precipitation
events reduced the time for biogeochemical processing of DOM. This significantly
affected the allochthonous DOM pool allowing unaltered allochthonous organic materials
to be flushed and transported through the Pearl River estuary (Duan and Bianchi 2006;
Paerl et al. 2006; Duan et al. 2007a; Cai et al. 2016).
Shifts in DOM concentration and quality (i.e., optical properties) and lower
concentrations in DOC and TDN were observed in the low discharge periods in summer
and winter, which suggest that DOM character changed from terrestrial to microbial
and/or autochthonous origin. In addition to being lower in concentrations than the spring,
during summer and winter the DOC and TDN concentrations showed an inverse pattern.
DOC levels were higher during summer than winter while TDN levels were higher
during winter than summer. Microbial humic-like DOM (C3) was high during low
discharge indicating high microbial activity during summer. Additionally, both FI and
BIX showed similar high levels during low discharge periods (both summer and winter)
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indicating higher microbial and/or autochthonous origin of DOM (Fig. 3.4). During
summer, high temperatures promote increased microbial activity and autochthonous
production in streams, therefore, the shift from more allochthonous DOM during spring
to more microbial and/or autochthonous DOM during summer was observed in this
study. It is attributable to summer temperatures and lack of much precipitation causing
low discharge. Lack of precipitation during summer increases residence time of water in
stream channels and allows for substantial autochthonous production and degradation of
DOM either by heterotrophic activity or by photochemical processes (Stedmon et al.
2007; Vazquez et al. 2010; Chen et al. 2013b). Increases in FI, BIX, and SR values with
corresponding decrease in HIX and SUVA254 values along with DO (< 2 mgL-1) suggest
the occurrence of low molecular weight autochthonous DOM and increased microbial
activity during summer (Table 3.1). Other studies have reported that phytoplankton
primary production and exudation in addition to Spartina leachates contribute to the
autochthonous sources of DOM within the marshy estuarine systems (Maie et al. 2006a;
Maie et al. 2006b; Singh et al. 2010a; Wang et al. 2014; Ya et al. 2015; Bittar et al.
2016). For example, Wang et al. (2014) showed greatest leaching of Spartina derived
DOM during summer. According to these authors Spartina leachates are an important
source of organic materials that promote secondary productivity in estuaries dominated
by saltmarsh systems. Thus, high average salinity during summer may suggest DOM
import from coastal waters. Additionally, benthic algae covering the marsh sediments
also contribute to algal DOM via leaching into the water column (Roelke et al. 2006;
Petrone et al. 2011). Results of this study are in line with previous studies that suggest
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elevated primary production during the summer dry season in the lower Pearl River
estuary (Duan and Bianchi 2006; Duan et al. 2007a; Duan and Bianchi 2007).
Photochemical processes play an important role in modifying DOM character
during summer periods. However, photochemically induced break-up of DOM molecules
depends on its composition or photo-reactivity and on its exposure to ultraviolet (UV)
radiations (Helms et al. 2008; Vähätalo et al. 2011; Helms et al. 2013; Yamashita et al.
2013). For instance, Helms et al. (2008) reported an increase in SR values within the
Delaware estuary ranged from a terrestrial value of 0.88 in the river to a near-shore
estuarine value of 1.32 at the bay mouth of the river due to photo bleaching of natural
water. A higher SR value during summer (1.04 ± 0.08) dry period compared to lower SR
value in spring (0.80 ± 0.04) suggested high rates of photo bleaching of DOM during
summer in the lower Pearl River estuary. However, to confirm this, a mesocosm
experiment was conducted, which is discussed in detail in the next section (section 3.4.2).
Protein-like DOM (C4) showed highest levels during winter indicating increased
nitrogen constituents in the DOM pool. Numerous studies have reported high levels of
nitrogen-rich DOM and reduced microbial activities during winter as a result of decline
in nutrient uptake due to decreased temperatures, which inhibits microbial activity
(Mulholland and Hill 1997; Cronan 2012). Unlike these studies, Duan and Bianchi (2007)
observed an increased concentration of amino acids in the eastern branch of Pearl River
during the summer dry period. Increased protein-like DOM increases amino acid
concentrations and microbes mediate both the both production and consumption
processes of protein-like materials (Maie et al. 2012; Yang et al. 2016). For example,
Maie et al. (2012) in a study in Florida Bay found the production of protein-like
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component at higher salinities that could be ascribed to increased microbial activity.
Moreover, the protein-like component was as ascribed to biologically derived labile
organic materials (Yamashita and Tanoue 2003; Kowalczuk et al. 2010) that could be
degraded primarily through microbial processes (Cawley et al. 2014; Hansen et al. 2016).
Particularly, the protein-like fluorescence signature was associated with undegraded
polyphenols known to be present in vascular plants (Beggs and Summers 2011; Hansen
et al. 2016). Therefore, high levels of protein-like DOM during winter are observed from
two possible explanations in this study. Firstly, by release of nitrogen-rich organic matter
from riparian soils when microbial activity is dormant and nutrient uptake is reduced. The
other plausible explanation of high levels of protein-like fluorescence during winter could
be attributed to flushing of undegraded vascular plant detritus into the stream channels.
While DOM descriptor (e.g., BIX) supported the evidence of import of fresh organic
materials to show seasonality during winter, elevated levels of DO and pH were also
observed as prominent features during winter, which is suggestive of increased
autochthonous production and contribution from Spartina leachates contributed
increasingly to the DOM pool during summer.
Two terrestrial humic like components, C1 and C2, and DOC concentration
showed a non-conservative relationship with salinity (Fig. 3.7). As salinity increased, the
abundance of these DOM components along with DOC concentration declined sharply
but non-linearly. The non-conservative relationship between humic-like DOM and
salinity could be in part due to mixing of freshwater with saline coastal waters (Milbrandt
et al. 2010; Guéguen et al. 2016). Settling of DOM molecules due to flocculation and
adsorption in saline waters during summer could also substantially decrease the amount
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of humic-like DOM in water column (Uher et al. 2001; Wachenfeldt et al. 2008; Cai et al.
2013). Also, microbial decomposition of refractory DOM in aquatic ecosystems owing to
priming effect may cause degradation of humic-rich riverine organic material in coastal
waters. This process supports the hypothesis that the supply of labile organics facilitates
microbial degradation of refractory DOM (Guenet et al. 2010; Bianchi 2011; Catalán et
al. 2015). Under experimental conditions, Blanchet et al. (2017) observed contrasting
effects of adding labile substrates to fuel microbial decomposition of riverine DOM. The
authors did not notice any occurrence of priming effect on riverine DOM exported from
Rhone River into the Mediterranean Sea via Gulf of Lion. Opposite to the fate of humicrich organic material, microbial DOM character increased with increasing salinity
indicating enhanced microbial activity on DOM during summer and winter. Yamashita et
al. (2008) reported high concentration of a similar DOM component at the low-salinity
range in a study in Ise Bay, Japan. The fluorescence level of microbial DOM component
steadily increased along the salinity gradient and a maximum value was observed at
middle medium salinity range (salinity < 20) in their study. This is also evidenced from
the relationship of increased FI levels with increasing salinity (Fig. 3.7). Therefore, it can
be concluded that increased microbial activity during summer may have reduced the
humic-like materials stimulated by high temperature in this study when more labile
substrates were available either from primary production or from bacterial activity.
DOM concentration, composition, and quality indices exhibited a consistent
temporal pattern in the lower Pearl River estuary in this study as expected. NMDS
analysis clearly showed the temporal variability in DOM properties and hydrographic
parameters (Fig. 3.10). Using a similar technique, Catalan et al. (2013) separated the
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winter-spring and fall samples in Mediterranean ephemeral washes. Although the results
in this study are in line with the findings of Catalan et al. (2013) as the occurrence of
humic-rich high molecular weight DOM followed the precipitation and runoff patterns
during fall. The authors observed more labile and recently produced DOM during winter
and spring periods as opposite to the occurrence of humic-rich aromatic DOM in spring
found in this study. This further suggests that hydrologic conditions in the watersheds are
primary controls of DOM characteristics (Vazquez et al. 2010; Catalán et al. 2016).
Strong positive correlations between the components C1, C2, and DOC concentrations
were observed in spring (Table 3.4). While summer and winter DOM concentrations and
compositions were controlled by hydrographic parameters, high temperature levels
influenced DOM properties during summer and increasing DO and pH influenced DOM
properties during winter. Based on this, it can be concluded that more bioavailable DOM
was present during summer and winter in the lower Pearl River estuary during low
discharge periods in the study region (Duan et al. 2007a; Duan and Bianchi 2007).
Moreover, DOM descriptors (e.g., FI and BIX) displayed the increasing influence of
microbial activity on DOM properties during low discharge conditions. However, high
negative correlations between BIX and FI with C1 suggest that DOM originated from
riparian soils was more susceptible to microbial breakdown in the river. This finding
contrasts with traditional understanding where terrestrial organic matter is supposedly
highly refractory and may not be suitable for microbial processing (Wehr et al. 1997;
Stubbins et al. 2010). However, results of this study suggests otherwise and in line with
some recent studies those have suggested high photochemical and biochemical
transformation of terrestrial DOM with high bio-reactivity depending upon the quality of
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DOM (Bushaw-Newton and Moran 1999; Milbrandt et al. 2010; Bianchi 2011; Catalán et
al. 2013). Furthermore, high discharge periods showing positive correlations with humicrich DOM compositions in this study suggests that this DOM was transported following
precipitation events and could be available for rapid biochemical changes during low
flow conditions. In contrast, negative correlations shown between discharge and
microbial humic-like DOM further suggested that during low discharge periods, microbes
get sufficient time to breakdown the terrestrial inputs (Table 3.4). Photochemical
breakdown of these high molecular weight DOM molecules also contributed in addition
to cleaving mediated by microbes (Spencer et al. 2009; Shank et al. 2011; Meng et al.
2013). Interestingly, the strong negative correlations between component C1 and C3
showed that the source material of C3 is perhaps the same as that of C1 (e.g., riparian
soils), which is highly susceptible to photochemical and microbial degradation and hence
an increase in microbial humic DOM was observed with concurrent decrease in C1
component.
3.4.3

Photo-reactive DOM compositions during summer
The primary constituents of DOM in black water streams are terrestrial humic-

rich and aromatic organic materials that are generally considered as refractory, aged,
diagenetically modified and resistant to further microbial degradation (Hernes et al. 2008;
O’Donnell et al. 2010; Leech et al. 2016). However, photolysis can degrade such DOM
molecules where chromophoric fractions of DOM are destroyed upon absorption of
ultraviolet (UV) radiation, which results in decreased light absorption capabilities of
DOM molecules. Indeed, carbon mineralization via photochemical degradation of DOM
is considered as a significant mechanism. However, the rate of mineralization of carbon
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generally depends on its composition or photo-reactivity (Obernosterer and Benner 2004;
Yang et al. 2014). For example, Obernosterer and Benner (2004) in an experimental
study showed that photo- and bio-mineralization accounted for the removal of 46 and
27% of terrestrial DOM from a black water river system in South Carolina. In
comparison, results from this study suggest that terrestrial fluorescence signatures
declined to 70-75% (C1 and C2) of its pre-irradiation values (Table 3.3; Figs. 3.8 and
3.9). Nevertheless, the photo-bleaching rates computed in this study were very similar to
DOM photo-bleaching rates reported in other estuarine and coastal environments (Shank
et al. 2005; Shank et al. 2009; Spencer et al. 2009; Shank et al. 2010; Chen and Jaffé
2014).
The component C3 decreased to roughly 50% of its pre-irradiation levels, which
suggests that this type of DOM is both being produced and also consumed during the
course of the experiment. Furthermore, a strong inverse correlation between C1 and C3
suggests that C3 may have been produced by the decomposition of C1 (Table 3.3). This
finding is consistent with Chen et al. (2013a), where the authors have noticed the
production of a microbial-humic like DOM at the expense of a terrestrial DOM from
diffuse soil sources in a photo-bleaching experiment with samples from Yangtze River,
China. Similar to the findings of this study, Chen and Jaffé (2014) observed the
production of a fluorescence component similar to microbial humic-like component (C3)
while assessing the effects of photo- and bio-reactivity of DOM from biomass, soil
leachates and surface waters in a subtropical wetland. Contrasting to these results,
Lønborg et al. (2010) reported the production of microbial humic-like substances as a byproduct of the microbial metabolism in the coastal upwelling system of the Ría de Vigo,
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Spain. The authors attributed the production of this type of DOM to the degradation of
protein-like labile DOM from the observation of inverse relationships of DOC and
protein-like DOM with this component. In another study, a comparison of the rates of
photo bleaching, it was found that relative amounts of fresh DOM from mangrove leaves
and Sargassum declined faster in comparison to other terrestrial or marine DOM (Shank
et al. 2010). These studies suggest that the production of microbial humic-like DOM can
occur from both the terrestrial and autochthonous sources. However, results from this
study supports the findings of Chen et al. (2013a), as the lower Pearl River system
transports increased levels of terrestrial material after precipitation events than the
contributions from autochthonous material.
It is well recognized that the photo bleaching of DOM in natural waters lead to
increased absorption spectral slope (S275-295), spectral slope ratio (SR) and E2:E3 ratio
(Helms et al. 2008; Zhang et al. 2009; Helms et al. 2013; Chen et al. 2013a; Santos et al.
2014). For instance, Helms et al. (2013) reported increases in spectral slope ratio (SR) and
spectral slope (S275-295) values from 2.14 to 8.92 and 19 to 39 (μm-1), respectively in a 68day photo bleaching experiment of Hawaiian Pacific Ocean samples. Additionally,
Santos et al. (2014) observed increases in SR, S275-295, and E2:E3 from 0.80 to 1.01, 7.21
to 8.23 (μm-1), and 6.51 to 7.60, respectively in samples from the estuary Ria de Aveiro
in Portugal while conducting the 12-h photo bleaching mesocosm experiment on the
rooftop of their laboratory. While values for these parameters for the lower Pearl River
estuary were not as high as the values of the above two studies, these parameters showed
a similar pattern of increases in SR, S275-295, and E2:E3 values from 0.90 to 1.45, 14 to 18
(μm-1), and 4.40 to 5.37, respectively (Table 3.3). Thus, it is evident from these results
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that photo bleaching of DOM caused by UV radiation in natural waters can occur to a
considerable degree and could decrease the molecular weight of DOM molecules at least
during summer as found in this study (Fig. 3.9). Considering the important role of
photochemical degradation process during summer in lower Pearl River estuary, cautious
approach in budgeting DOM flux and loads from this system to receiving coastal margins
is suggested.
3.4.4

Conceptual DOM model for the lower Pearl River estuary
A conceptual DOM model that integrates the observations of DOM concentration

and composition for varying hydrologic conditions and processes that regulate the supply
and/or inputs of DOM in the lower Pearl River estuary is presented (Fig. 3.11). In spring,
surficial flow paths during high discharge conditions following precipitation events
mobilize and transport relatively higher amounts of DOM from carbon rich riparian soils.
During summer, elevated temperatures facilitate higher autochthonous production of
DOM with simultaneous photochemical and biogeochemical degradation processes for
DOM breakdown. The dominant high discharge conditions during spring yield elevated
DOC concentrations and the DOM character is highly humic and aromatic. Contrary to
this pattern, low discharge conditions during summer and winter yield more microbially
generated DOM. Additionally, photo bleaching of DOM during summer plays an
important role in breaking down the large molecules and reducing the overall molecular
weight of DOM. This also suggested a preferential removal of DOM of terrestrial origin
by photochemical processes. The concentration and composition of DOM for spring
precipitation events was the highest while the concentration and composition for winter
had values between the seasonal extremities of summer and spring. Seasonal patterns of
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DOM with hydrologic conditions suggest the occurrence of more labile DOM during
summer and winter in contrast to increased levels of refractory DOM in spring. While the
lability of DOM during summer is associated with photolysis, higher marine influence
facilitates the lability during winter.

Figure 3.11

3.5

A conceptual model for DOM dynamics with varying hydrologic and
climatic conditions in the lower Pearl River estuary.

Conclusions
This study examined the seasonal distribution of DOM concentration and

composition in the lower Pearl River estuary while utilizing the EEM-PARAFAC
modeling approach. The EEM-PARAFAC model identified four unique DOM
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components from 148 EEM scan measured for water samples collected during the winter
2015, and spring and summer of 2016. These four distinct fluorescence groups of DOM
consisted of two terrestrial humic-like components, C1 and C2, one microbial-humic like,
C3, and one protein-like (tryptophan-like) component, C4. Considering the significant
negative relationships between the components, C1 and C2, with salinity, this study
showed that the two humic-like components were originated from terrestrial sources such
as riparian soils and vascular plant detritus. The significant positive relationship between
the components, C3 and C4, with salinity indicated the DOM generation by primary
production and microbial activity. However, the most dominant control of seasonal DOM
character in the lower Pearl River estuary was the hydrologic condition, especially in
spring. DOM destruction via photolysis played an important role in controlling DOM
concentration and composition during summer. These findings helped in understanding
the DOM dynamics in the lower Pearl River estuarine system, where short precipitation
pulses and photochemical reactions control the biogeochemistry of DOM. This in turn,
controls the supply and fate of important chemical constituents such as carbon and
nitrogen (e.g., C and N fractions of DOM) from terrestrial origin to the receiving coastal
waters.
This study further implies that understanding the role of DOM biogeochemistry is
imperative for future climate change scenario. Increased levels of terrestrial DOM is
expected to leach in river systems and mix with microbial DOM with increasing global
temperatures and increasing extreme weather events (Bittar et al. 2016). This may in turn
alter the DOM concentrations and compositions substantially and may significantly
impact the DOM biogeochemistry in coastal waters. Expected precipitation patterns
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associated with future climate change for the southeast US for the next century may also
shift the regime for saline water intrusions in the coastal areas (Seager et al. 2009).
Additionally, increased drought severity and/or precipitation (both intensity and duration)
patterns in addition to hydrological discharge are expected to change for the southeast US
(Ingram et al. 2013; Walsh et al. 2014). Therefore, interactions between hydrologic
discharge from coastal rivers and carbon and nutrient biogeochemistry is important to
understand in estuarine systems for improved prediction and management of aquatic
systems in response to climate-induced changes in the southeast US.
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CHAPTER IV
COMPARISON OF THE SPATIAL AND TEMPORAL DISTRIBUTIONS OF DOM IN
THE GANGES RIVER, INDIA AND THE PEARL RIVER, USA
4.1

Introduction
Rivers are the major transporter of dissolved organic matter (DOM) from

terrestrial landscapes to the oceanic environments. In fact, DOM is the largest reactive
reservoir of reduced carbon on the Earth surface and an integral component of riverine
material transport (Cole et al. 2007; Battin et al. 2008; Para et al. 2010). Since rivers are
the main conduits of DOM transport, their role in modulating the characteristics of DOM
is receiving wide attention globally. The DOM composition in rivers flowing through
forested watersheds or through watersheds having natural landscapes as the dominant
land cover would be different than the rivers flowing through a watershed that
dominantly contributes pollutants from anthropogenic sources such as sewage effluents
from municipalities, industrial, and agricultural wastes (Paerl et al. 2006; Jaffé et al.
2008; Naden et al. 2010; Baghoth et al. 2011; Jaffé et al. 2012; Meng et al. 2013; Chen
and Jaffé 2014). All these organic material once enter the river system are further
transformed in varying degrees depending on their reactivity levels. For instance,
microbial metabolic activities transform organic carbon to carbon dioxide via respiration
that is then either stays dissolved in the water or released from the rivers to the
atmosphere (McKnight et al. 2002; McKnight et al. 2003; Battin et al. 2008; Butman and
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Raymond 2011). Globally, it has been estimated that world’s major rivers transport 0.25
PgCyr-1 terrestrial dissolved organic carbon to coastal oceans, which is comparable to
CO2 emissions, ranging from 0.7 to 3.3 PgCyr-1 from freshwater systems to the
atmosphere (Hedges et al. 1997; Battin et al. 2008; Osburn et al. 2016).
While an array of biogeochemical and physicochemical processes control DOM
cycling in rivers, its composition or quality actually determine the fate of DOM in aquatic
ecosystems. Many biogeochemical and ecological functions of DOM depend on its
quantity and quality (Engelhaupt et al. 2003; Battin et al. 2008; Bianchi 2011; Cory et al.
2011; Jaffé et al. 2014). For example, DOM in aquatic systems provides carbon and
energy sources for the microbial growth and reproduction (Coble 2007; Coble 2008).
DOM also attenuates damaging UV radiations thereby protects phytoplankton and other
organism (Del Vecchio and Blough 2004; Del Vecchio and Blough 2006; Coble 2008).
Sometimes DOM forms complexes with toxic elements and heavy metals (Brooks et al.
1999; Bolan et al. 2004; Yates et al. 2016). DOM is an ecologically important chemical
component that plays a vital role in many physical, chemical and biological processes in
aquatic ecosystems, thus it is important to understand its reactivity and distribution within
a given system.
As it is clear that reactivity of DOM depends on its composition, it is important to
determine the composition at the molecular level. However, due to the complexity of
analytical techniques and heterogeneity of the DOM pool, at this point only a small
fraction (roughly 20%) of the total DOM can be identified at the molecular level (Gremm
and Kaplan 1998; Bolan et al. 2011; Cory et al. 2011). Therefore, earlier studies have
operationally divided the DOM pool into two major fractions, humic and non-humic (or
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labile) fractions of DOM (Gremm and Kaplan 1998; Wang et al. 2009; Watanabe et al.
2012). Determining these fractions using biochemical methods is expensive and timeconsuming, hence optical analysis serves as an excellent alternative to determine these
fractions cheaply and in a rapid manner. These optical techniques do not require any
chemical treatments and offers the best solution for quick determination of DOM
properties in many aquatic ecosystems. Small amounts of samples are generally required
for optical determination of water sample constituents (Cory et al. 2011; Chen et al.
2013b; Jaffé et al. 2014). Because of these advantages, recent absorption and
fluorescence measurement techniques have received wide attention and have been used in
a variety of aquatic systems (Coble et al. 1990; Coble 2007; Cory et al. 2010; Fellman et
al. 2010a). Furthermore, the combination of UV-Vis absorption and fluorescence
excitation-emission matrices (EEMs) in conjunction with multivariate statistical
techniques such as parallel factor analysis (PARAFAC) offers a reliable tool for tracking
sources of dissolved organic materials from terrestrial and/or aquatic systems (Stedmon
et al. 2003; Stedmon and Bro 2008; Jaffé et al. 2014). These techniques help in tracking
biogeochemically and ecologically important processes such as microbial and
photochemical degradation of DOM in many aquatic ecosystems (Fellman et al. 2010b;
Chen and Jaffé 2014; Schiebel et al. 2015). Despite being limited in classifying the
fluorophore groups to molecular levels in greater detail at the moment, these techniques
are developing very fast and being employed by researchers in wide environments.
Nonetheless, as stated above, classification of DOM molecules in two broad categories of
humic and non-humic groups are clearly separable using these techniques and hence
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allow researchers to quickly determine the concentration and composition of DOM in a
variety of aquatic environments.
The character and abundance of DOM in large river systems warrant greater
attention, especially where anthropogenic processes are contributing to a greater amount
of DOM (Dalzell et al. 2007; Hanley et al. 2013). The Ganges River basin is one of the
most densely populated river basins in the world. The population in the Ganges River
basin is roughly 500 million when the population of both India and Bangladesh in the
basin is considered (Sharma 1997; Singh and Singh 2007; Das and Tamminga 2012).
Also, the Ganges River basin is home to more than 25,000 wildlife species. The river has
experienced severe degradation in its water quality over the years as a result of human
activities such as construction of dams, industries, and domestic, municipal and industrial
waste discharges (Singh and Singh 2007; Sharma et al. 2016). For the improvement of
the water quality of this large river, the Ministry of Environment and Forest, Government
of India, initiated a comprehensive project, the Ganga Action Plan (GAP), in 1985 (Singh
and Singh 2007; Das and Tamminga 2012). Unfortunately due to poor environmental
planning and too much bureaucracy, the GAP has achieved little success in
accomplishing the planned goals of prevention of pollution and improvement of water
quality (Das and Tamminga 2012; Pandey 2013; Sharma et al. 2016).
The present study aims to evaluate the characteristics of DOM in the highly
urbanized section of the Ganges River (in Varanasi, India) and compare those with a
relatively pristine small river (Pearl River located in the Mississippi, USA) in similar
climatic regime (i.e., subtropical). In addition, the temporal patterns of DOM distribution
are also investigated in both the rivers. Particularly, the objectives of this study were (i)
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to develop EEM-PARAFAC model for characterizing DOM composition, (ii) to assess
the temporal variability of DOM in the Ganges and Pearl Rivers, and (iii) to compare the
DOM abundance and distribution in these two distinctly different water bodies
The following questions were posed to answer the above stated objectives.
1. What are the temporal patterns of the DOM characteristics in a large river
system?
2. How do DOM characteristics in a large river system compare against those in a
small river in a different geographic regime?
4.2
4.2.1

Methods
Sampling sites and water sampling
Surface water samples were collected from multiple sample points along a highly

urbanized 9-km stretch of the Ganges River adjacent to the City of Varanasi during two
field-campaigns, one in the month of July 2015 and another in the month of January 2016
(Fig. 4.1). The samples were immediately frozen and kept in the cooler before they were
shipped to the laboratory located at the Mississippi State University. In the Pearl River,
surface water samples were collected from multiple sample points located in lower
reaches of the river close to the city of Slidell, LA (Fig. 4.2). Subsequently, the water
samples were filtered through a 0.2-μm filter paper (Millipore Inc., Billerica, MA, USA)
and stored in a refrigerator at 4 °C in 100-mL amber glass bottles for UV absorbance and
fluorescence measurements, and the determination of dissolved organic carbon (DOC)
and total dissolved nitrogen (TDN) concentrations.
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Figure 4.1

Sampling along a 9-km transect in the Ganges River at Varanasi, India.
Surface water samples were collected in two field campaigns (July 2015
and January 2016).
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Figure 4.2
4.2.2

Sampling locations in the Pearl River close to the city of Slidell, LA during
two-weekly field campaigns (August 2015 and December 2015).

DOC and TDN measurements
DOC concentrations were measured using high-temperature catalytic oxidation

(HTCO) and TDN concentrations by oxidative combustion chemiluminiscence,
respectively, on a Shimadzu TOC-VCSN (Shimadzu Scientific Instruments, Columbia,
MD) coupled with a TN analyzer unit. The coupled system allowed simultaneous
determination of DOC and TDN in the same sample using a single injection and provided
low detection limits and appreciable linear ranges for both DOC and TDN.
Measurements were determined with a precision of < 2% for both DOC and TDN (Lu et
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al. 2013; Lu et al. 2014a). DOC and TDN concentrations were not measured on the July
samples collected from the Ganges River due to lack of enough sample volumes.
4.2.3

Absorption and EEM-PARAFAC analyses
DOM absorption spectra were determined with a PerkinElmer Lambda 850

double-beam UV-Vis spectrophotometer (PerkinElmer, Inc., Waltham, MA, USA), with
a 1cm quartz cuvette. Particle-free Nanopure Milli-Q water was used as the blank. The
scanning wavelength range was 200-750 nm with a spectral resolution of 2 nm.
Absorbance (A) was converted into absorption coefficient (a in m-1) using the following
expression:
𝑎(𝜆) =

2.303∗𝐴(𝜆)
𝐿

4.1

where λ is the wavelength and L is the path-length in meters (Dash et al. 2015; Singh et
al. 2017).
EEM scans were obtained using a Fluoromax-4 spectrofluorometer (Horiba Jobin
Yvon, Inc., Edison, NJ, USA) and fluorescence emission spectra from 300-550 nm at
every 2 nm intervals were recorded for excitation wavelengths ranging from 240-450 nm
with increments of 10 nm. The EEM scans were collected in ratio mode (S/R mode) with
dark offset and a bandwidth setting of 5-nm for both the excitation and emission. The
EEMs were corrected for all biases including instrument bias, inner filter effects, and
blank subtraction as suggested by previous studies (Cory et al. 2010; Miller et al. 2016;
Singh et al. 2017). Subsequently, the EEM scans were normalized to daily-analyzed
water Raman integrated area under maximum fluorescence intensity (Ex-350/Em-397, 5-
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nm bandwidth) as proposed by Lawaetz and Stedmon (2009) to normalize the EEM data
to comparable Raman units (R.U.; nm-1).
A total of six DOM indices were calculated, three indices were computed using
absorption measurements (i.e., a254, SR, and E2:E3) while the other three were computed
using fluorescence measurements (BIX, FI, and HIX). The absorption coefficients (a254)
were measured using absorbance (A) at wavelength 254 nm from the absorption spectra.
This index was used to estimate aromatic content of total DOM (Weishaar et al. 2003).
Spectral slope ratio, SR was calculated as a ratio between two spectral slope regions: S1
(275-295 nm) and S2 (350-400 nm) according to Helms et al. (2008). The E2:E3 ratios
were calculated as the absorbance measured at two wavelengths, 250 and 365 nm,
respectively (Santos et al. 2016). These two indices were calculated to estimate the
relative molecular weight of DOM. McKnight et al. (2001) developed a fluorescence
index (FI) to differentiate precursor DOM sources (i.e., aquatic versus terrestrial). This
index is calculated as the ratio of fluorescence emission intensity at 470 and 520 nm with
an excitation at 370 nm, which provides a measure of the steepness and shape of the
emission intensity peak (Cory and McKnight 2005). The biological index (BIX) was
measured as the ratio of fluorescence emission intensity at 380 nm divided by the
emission intensity maximum observed between 420 and 440 nm, obtained at excitation
310 nm (Huguet et al. 2009; Wilson and Xenopoulos 2009). This index, also known as
freshness index, is an indicator of the contribution of fresh DOM originating from
autochthonous production or biological activity (Wilson and Xenopoulos 2008; Wilson
and Xenopoulos 2009; Singh et al. 2015) and has been determined for many ecosystems
(Huguet et al. 2009; Singh et al. 2010; Duan et al. 2015; Singh et al. 2017). Humification
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index (HIX) was computed as the ratio of the peak integrated area under the emission
spectra 435-480 nm and the total sum of peak integrated area under the emission spectra
300-345 nm and 435-480 nm obtained at an excitation wavelength of 254 nm (Ohno
2002). An increase in HIX is associated with condensation of fluorescing molecules and a
decrease in the H/C ratio is considered to be an indicator of humification (Zsolnay et al.
1999; Zsolnay 2003).
A total of 85 EEMs were modeled using PARAFAC with MATLAB 7.12 and
DOMFluor toolbox (ver., 1.7; Feb., 2009) (Stedmon and Bro 2008; Singh et al. 2010;
2017). EEM spectra were decomposed into five individual fluorescent components (C1C5) by PARAFAC and the number of components were determined and validated by
split-half analysis and random initialization (Stedmon and Bro, 2008). The proportional
contribution of each fluorescence component was calculated by dividing its fluorescence
intensity, Fmax (R.U.) to the sum of fluorescence intensities (total fluorescence) of all
components. Hence, the components are reported here in %Fmax values (Lu et al. 2013;
Lu et al. 2014b). Detail information on modeling EEM scans using PARAFAC technique
is discussed by Singh et al. (2010; 2014b; 2017).
All the statistical analyses were conducted and plotted with R software version
3.3.3 (R Core Team, 2017). Two-way analysis of variance (ANOVA) was used to
determine the effects of sampling locations (Ganges River vs. Pearl River) and months on
DOM parameters along with factor (locations and months) interactions. For sampling
locations, months, and their interactions comparisons, the Tukey-HSD tests for post-hoc
comparison of means procedure was performed at α = 0.05. The null hypothesis for twoway ANOVA was that there are no significant differences in DOM properties with
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sampling locations, months, and their interactions. All the correlation analyses were also
conducted at α = 0.05, and the Pearson correlation coefficients were calculated.
Moreover, principal component analysis (PCA) was conducted on DOM optical data
including EEM-PARAFAC model DOM components (C1-C5) and absorption and
fluorescence derived DOM indices. DOM concentration (i.e., DOC and TDN) data was
not included in the PCA, because of unavailability of DOC and TDN measurements for
July 2015 samples in the Ganges River. Only complete cases for the optical
measurements were considered for PCA in this study.
4.3
4.3.1

Results and Discussion
DOM concentrations in the Ganges and the Pearl Rivers
Spatial and temporal variations in DOC concentrations were observed in both the

Ganges and Pearl Rivers. DOC ranged from 2.04-2.96 mgL-1 in the Ganges River and
from 1.39 to 6.13 mgL-1 in the Pearl River (Table 4.1). The average DOC (4.06) in the
Pearl River was significantly high compared to the average DOC (2.46) in the Ganges
River. Additionally, the DOC concentrations were not significantly different across
months in the Pearl River indicating that the source of DOC may be similar during
August and December. When the DOC concentrations in the Ganges River from this
study were compared with other large rivers, it was found that they were similar to that of
the Mississippi River (2.67-4.56 mgL-1; Duan et al. 2007) and Yangtze River in China
(2.60-5.20 mgL-1; Chen et al. 2013). In another study, Pandey (2013) found much higher
DOC concentrations (4 to 19 mgL-1) in the Ganges River along the same transect as this
study but in that study the DOC concentrations were measured during the summer
seasons over three year period (2009-2011). Since our summer samples could not be
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processed for DOC we were not able to compare our DOC concentrations with that of
Pandey (2013). In general, high DOC is expected during summer as Indo-Gangetic plain
receives maximum precipitation (90%) during the monsoonal rainfall in the summer
months (June-September) (Krishna et al. 2015). In comparison to the Ganges River, the
average DOC value in the Pearl River (4.06 ± 0.87 mgL-1) was high (Table 4.1).
Similarly high DOC concentrations were reported by Duan et al. (2007a) ranging from
4.03-16.44 mgL-1 and by Cai et al. (2016) ranging from 3.05-12.77 mgL-1. The larger
variability in DOC concentration in the Pearl River is linked with hydrologic conditions
in the watershed. River discharge increases in response to precipitation in the watershed,
which establishes a hydrologic connection between the river channel and the flood plain
facilitating DOC contribution from riparian soils and sediments to the river (Duan et al.
2007a; Duan et al. 2007b; Cai et al. 2016).
In contrast to DOC concentrations, TDN concentrations were very high in the
Ganges River in comparison to the Pearl River. In the Ganges River, the average TDN
concentration was 1.19 ± 0.41 mgL-1 while it was 0.13 ± 0.05 mgL-1 in the Pearl River.
Similar to DOC patterns, no significant difference was observed in TDN concentrations
between August and December in the Pearl River (Fig. 4.4). The average TDN
concentration in this study was consistent with the relatively low concentrations reported
in previous studies. For example, Cai et al. (2016) reported a TDN range between 0.190.68 mgL-1 in the lower reaches of the Pearl river and suggested that most of the nitrogen
were dissolved organic nitrogen (DON) as the inorganic nitrogen may have been reduced
to DON. TDN values in the present study are also comparable to TDN in the highly
eutrophic coastal waters of the Maryland, USA (0.17-0.77 mgL-1) (Duan et al. 2015).
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TDN values in the present study are also comparable to TDN in the highly eutrophic
coastal waters of Maryland, USA (0.17-0.77 mgL-1) (Duan et al. 2015). On the other
hand, the high TDN in the Ganges River indicated influence of anthropogenic activities,
such as untreated sewage effluents or municipal wastes discharged into the Ganges River
(Rai et al. 2010; Sharma et al. 2016). In a previous study, Singh (2010) reported highest
TDN as 0.985 mgL-1 in the month of June and the lowest as 0.015 mgL-1 in the month of
January in the Ganges River in Varanasi. In another study, Tiwari et al. (2016) reported
that the nitrate value varies from 2.1 mgL-1 during the winter to a moderate increased
value of 2.6 mgL-1 during the summer season. These previous studies corroborate with
the TDN values of this study.
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43.59 − 47.91
26.59 ± 1.40 (51)
24.23 − 29.71
5.40 ± 0.76 (51)
3.73 − 6.19
11.45 ± 1.62 (51)
8.05 − 14.34
10.69 ± 0.84 (51)
9.20 − 12.38
4.06 ± 0.87 (52)
1.39 − 6.13
0.13 ± 0.05 (52)
0.02 − 0.29
30.07 ± 8.50 (52)
21.60 − 48.59
3.39 ± 1.71 (52)
1.73 − 14.13
0.71 ± 0.11 (52)
0.43 − 0.89

28.64 − 38.86

16.87 ± 1.33 (31)

12.66 − 18.58

17.74 ± 5.59 (31)

12.45 − 28.09

18.72 ± 2.88 (31)

14.26 − 26.45

11.13 ± 2.01 (31)

7.40 − 13.90

2.46 ± 0.23 (16)

2.04 − 2.96

1.19 ± 0.41 (16)

0.79 − 2.03

15.92 ± 4.33 (33)

11.55 − 31.62

2.21 ± 0.21 (16)

1.91 − 2.60

0.50 ± 0.19 (33)

0.05 − 0.77

DOC

(mgL )

TDN

(mgL-1)

a254

(m )

SUVA

(Lmg-1m-1)

HIX

-1

C5

C4

C3

C2

-1

45.87 ± 0.93 (51)

C1

Pearl River

35.54 ± 3.51 (31)

Total

0.05 − 0.77

0.41 ± 0.23 (17)

−

−

15.47 − 31.62

19.20 ± 3.57 (17)

−

−

−

−

7.40 − 9.95

9.18 ± 0.83 (15)

14.26 − 26.45

18.62 ± 4.19 (15)

19.33 − 28.09

23.14 ± 2.51 (15)

12.66 − 18.58

16.16 ± 1.64 (15)

28.64 − 38.86

32.90 ± 3.42 (15)

Ganges River

0.43 − 0.89

0.72 ± 0.12 (36)

1.73 − 3.56

2.81 ± 0.40 (36)

21.60 − 35.85

24.97 ± 2.66 (36)

0.04 − 0.17

0.11 ± 0.03 (36)

2.73 − 5.83

3.95 ± 0.71 (36)

9.20 − 12.38

10.30 ± 0.59 (35)

8.44 − 14.34

12.16 ± 1.16 (35)

4.84 − 6.19

5.87 ± 0.27 (35)

24.23 − 28.04

25.83 ± 0.77 (35)

43.59 − 47.91

45.84 ± 0.92 (35)

Pearl River

Summer (July and August)

0.50 − 0.74

0.59 ± 0.06 (16)

1.91 − 2.60

2.21 ± 0.21 (16)

11.55 − 15.07

12.43 ± 1.14 (16)

0.79 − 2.03

1.19 ± 0.41 (16)

2.04 − 2.96

2.46 ± 0.23 (16)

12.58 − 13.90

12.96 ± 0.30 (16)

17.66 − 19.73

18.81 ± 0.41 (16)

12.45 − 12.82

12.68 ± 0.12 (16)

16.64 − 17.95

17.54 ± 0.26 (16)

37.09 − 38.58

38.02 ± 0.34 (16)

Ganges River

0.45 − 0.82

0.68 ± 0.08 (16)

3.02 − 14.13

4.70 ± 2.62 (16)

33.52 − 48.59

41.53 ± 5.15 (16)

0.02 − 0.29

0.18 ± 0.06 (16)

1.39 − 6.13

4.32 ± 1.13 (16)

9.40 − 12.22

11.55 ± 0.65 (16)

8.05 − 13.21

9.91 ± 1.39 (16)

3.73 − 4.89

4.37 ± 0.33 (16)

25.60 − 29.71

28.23 ± 0.98 (16)

44.83 − 47.75

45.94 ± 0.96 (16)

Pearl River

Winter (January and December)

Descriptive statistics for PARAFAC modeled components (C1-C5), DOC and TDN concentrations, and a suite of DOM
indices measured for the Ganges and the Pearl River samples. Values are represented as Mean ± SD (N = Number of
samples) and Min – Max.

Ganges River

Table 4.1
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1.47 ± 0.02 (52)
1.43 − 1.50
0.67 ± 0.04 (52)
0.61 − 0.77
17 ± 2 (52)
13 − 22
1.00 ± 0.09 (52)
0.83 − 1.31
5.63 ± 0.71 (52)
4.22 − 6.97

1.64 − 1.99

1.02 ± 0.18 (33)

0.66 − 1.32

16 ± 3 (33)

4 − 22

1.41 ± 0.42 (33)

0.34 − 2.32

5.20 ± 0.93 (33)

3.31 − 7.09

S275-295

(μm )

SR

E2:E3

-1

BIX

FI

1.70 ± 0.06 (33)

Table 4.1 (Continued)
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3.31 − 7.09

5.04 ± 1.03 (17)

0.34 − 2.32

1.62 ± 0.46 (17)

4 − 22

17 ± 4 (17)

0.66 − 1.32

1.15 ± 0.15 (17)

1.64 − 1.99

1.69 ± 0.08 (17)

4.93 − 6.97

5.93 ± 0.53 (36)

0.89 − 1.31

1.04 ± 0.08 (36)

15 − 22

18 ± 1 (36)

0.64 − 0.77

0.69 ± 0.02 (36)

1.44 − 1.50

1.48 ± 0.01 (36)

3.34 − 6.09

5.37 ± 0.82 (16)

1.03 − 1.80

1.19 ± 0.21 (16)

12 − 17

15 ± 1 (16)

0.85 − 0.88

0.87 ± 0.01 (16)

1.69 − 1.76

1.71 ± 0.01 (16)

4.22 − 6.02

4.97 ± 0.62 (16)

0.83 − 1.06

0.92 ± 0.06 (16)

13 − 17

15 ± 1 (16)

0.61 − 0.68

0.63 ± 0.02 (16)

1.43 − 1.49

1.46 ± 0.01 (16)

Figure 4.3

4.3.2

Distributions of (a) DOC and (b) TDN concentrations during July 2015 and
January 2016 in the Ganges River. Same parameters during August 2015
and December 2015 are shown for the Pearl River. Same letters represent
no significant difference at alpha = 0.05.

DOM compositions in the Ganges and the Pearl Rivers
DOM compositions in this study were assessed together for the Ganges and Pearl

Rivers using PARAFAC analysis of EEM fluorescence, which resulted a five-component
model. The DOM components identified were spectrally similar to previously reported
DOM constituents (Table 4.2 and Fig. 4.4). Components C1 and C2 together contributed
to 50 and 70% of the total fluorescence of DOM in the Ganges River and the Pearl River,
respectively. While component C1 did not differ in the Pearl River between the months
of August and December, it was different in the month of July than in January in the
Ganges River with higher values in January. This component is spectrally similar to
microbial humic-like component reported in previous studies (Table 4.2). Relatively
lower values of C1 in July in the Ganges River could be attributed to dilution effects
caused by high discharge during monsoon season. This fluorescence peak has previously
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been thought of as marine humic-like organic matter while many studies have identified
this peak in samples from terrestrial environments and have associated its presence to
high biological or microbial activity in water bodies receiving agricultural, industrial and
sewage wastes (Baker 2002; Coble 2007; Meng et al. 2013). Photochemical degradation
of terrestrial organic matter can also show a similar fluorescence peak by blue shift of the
peak position of the terrestrial fluorescence signatures (Coble 2007).
Component C2 had the highest contribution to the total fluorescence of DOM in
the Pearl River (26.59 ± 1.40%) than the Ganges River (16.87 ± 1.37%) (Fig. 4.5 and
Table 4.1). This fluorescence peak (C2) is reported as the most abundant DOM
component in fulvic and humic acid fractions extracted from sediments and soils (Santín
et al. 2009). Additionally, the presence of this peak has been identified in the tropical
rivers (Yamashita et al. 2010) and in the recycled wastewaters (Murphy et al. 2010).
Thus, source of the component C2 can be ascribed to wetland soils and sediments in the
Pearl River, while the abundance of the C2 component in the Ganges River could be
attributed to the sewage effluent from treatment plants located along the banks of the
Ganges River. The lower values of C2, 16.16 ± 1.64% and 25.83 ± 0.77% in the months
of July in the Ganges River and in August in the Pearl River, respectively, as compared to
higher values 17.54 ± 0.26% and 28.23 ± 0.98% in the months of January in the Ganges
River and in December in the Pearl River, respectively, are indicative of mixing and
photochemical processes acting on DOM molecules during summer season (Fig. 4.5 and
Table 4.1). Further, mixing because of high water discharge in the month of July in the
Ganges River during monsoon may have diluted this signal, while photochemical
degradation under strong UV radiations during summer may have broken up large
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molecules reducing them to smaller molecular size of DOM (Wiegner and Seitzinger
2001; Lu et al. 2013; Guéguen et al. 2016). These processes could have contributed to the
temporal variability of C2 observed for both the Ganges River and the Pearl River.
Table 4.2

Description of EEM-PARAFAC modeled DOM components identified in
this study and compared against those reported in the literature.

Comp.

Ex/Em
(nm)

Description

Peaks in
Coble
(2007)

Possible
Sources

Reference – Comp.

C1

< 250305/416

Marine humic-like;
biological and/or
microbial origin

A, M

Terr.,
Auto.,
Micr.

C2

< 250370/498

Terrestrial humiclike; Soil derived
humic acids

−

Terr.,
Anth.

Hong et al. (2012) - C2; HiriartBaer et al. (2013) - C4; Olefeldt
et al. (2013) - CM/CA; Chen et al.
(2015) - C4
Guo et al. (2011) - C3; Hong et
al. (2012) - C3; Hiriart-Baer et al.
(2013) - C1; Olefeldt et al. (2013)
- Cx; Chen et al. (2015) - C3

C3

< 300/374

Marine humic-like;
biological and/or
microbial origin

N

Terr.,
Auto.,
Micr.

C4

280/336

Protein-like
(Tryptophan like)

T

Terr.,
Auto.,
Micr.

360/430

Terrestrial humiclike

C

Terr.,
Anth.

Guo et al. (2011) - C2; Hong et
al. (2012) - C5; Hiriart-Baer et al.
(2013) - C5; Olefeldt et al. (2013)
- CM
Guo et al. (2011) - C4; Hong et
al. (2012) - C4; Hiriart-Baer et al.
(2013) - C3; Olefeldt et al. (2013)
- CT; Chen et al. (2015) - C2

Guo et al. (2011) - C1; Hong et
al. (2012) - C1; Olefeldt et al.
(2013) - CC/CA; Chen et al.
(2015) - C1
Terr. - Terrestrial plant/animal detritus or soil organic matter, Auto. - Autochthonous production, Anth. Anthropogenic inputs, Micr. - Microbial processing.
C5

The most prominent distributional pattern was observed for the component C3.
The average proportional contribution of C3 was three fold more in the Ganges River
(17.74 ± 5.59%) than the Pearl River (5.40 ± 0.76%). While the proportional contribution
of C3 in the Ganges River in the month of July was approximately four times higher of
the Pearl River in the month of August, C3 in the Ganges River in the month of January
was nearly three times higher in the Pearl River in the month of December (Table 4.1).
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This component is similar to previously identified N-peak (Coble 2007). This
fluorescence peak was used as a tracer for wastewater impacts (Hiriart-Baer et al. 2013).
While evaluating the anthropogenic effects of industrial effluent discharge in Kishon
River, Israel, the same fluorescence component was reported by Borisover et al. (2011).
The authors however claimed this component to be a mixture of both proteinaceous and
non-proteinaceous components. Occurrence of this component in the water samples was
attributed to selective preservation of the proteinaceous constituents by interactions with
other DOM components, which protect this component from microbial degradation
(Borisover et al. 2011). Numerous other studies reported this component as the result of
anthropogenic activities in the watershed, especially from agricultural fields, urban
runoff, and drinking water and wastewater treatment plants (Baker 2002; Baker et al.
2003; Spencer et al. 2007; Singh et al. 2014a). Significantly high value of C3 in the
Ganges River in the month of July could be attributed to runoff from industrial and urban
areas in addition to local wastes and residual matter from biomass burning, especially
burnt dead bodies on the river bank followed by monsoonal rains (Prasad et al. 2007;
Singh and Singh 2007; Chauhan et al. 2015; Pandey et al. 2015; Sharma et al. 2016).
Previous studies have also suggested that DOM in agricultural runoff is generally
different than DOM in natural stream systems, and may be more bioavailable to microbes
as a nutrient source (Gao et al. 2004; Dalzell et al. 2007). It is well known that the runoff
from agricultural fields is often high in nutrients such as nitrogen, phosphorus, and
potassium that are common constituents in inorganic fertilizer. Because there are large
agricultural fields located at the upstream end of the sampling area in the Ganges River,
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an expected source of C3 could be agricultural runoff in July during monsoonal rains that
may generate larger surface runoff from these fields (Pandey et al. 2015).

Figure 4.4

The five EEM-PARAFAC modeled DOM compositions for the Ganges and
Pearl River samples.

Component C4 typically resembled a protein-like (tryptophan-like) DOM
indicating autochthonous production of biological origin as reported in previous studies
(Table 4.2). This component was significantly higher in the Ganges River than the Pearl
River (Fig. 4.5). The average proportions of C2 for the Ganges River in the months of
July and January was 18.62 ± 4.19% and 18.81 ± 0.41%, respectively and was not very
much different across months. While the Pearl River samples showed lower average
contributions from C4 in the total DOM pool, significant difference in C4 was observed
in the months of August (12.16 ± 1.16%) and December (9.91 ± 1.39%). The higher
value in the month of August could be due to high autochthonous production as indicated
by macrophyte and periphyton production in the Pearl River. A study in the Ganges River
110

during summer examined the production of algal periphyton in relation to dissolved
organic carbon and has linked light attenuation to lower benthic production due to
increased turbidity in the Ganges River at Varanasi, India (Pandey 2013). On the other
hand, protein-like DOM is used as a tracer in tracking anthropogenic inputs in many
ecosystems ranging from lakes to rivers (Baker and Inverarity 2004; Stedmon and
Markager 2005; Borisover et al. 2011; Meng et al. 2013). For example, Hosen et al.
(2014) have observed that runoff from an impervious surface had enhanced amounts of
anthropogenic protein-like DOM in the urbanized streams of Maryland, USA. The
authors suggested that the higher proportion of protein-like DOM was because of
increased levels of bioavailable DOM in these urbanized streams, especially during
spring and summer. Thus, increased runoff because of impervious surfaces (e.g., concrete
banks on the Ganges River) may have contributed to this DOM signal. Further, C4 did
not differ temporally in the Ganges River because these constructions have been there for
many years.
Traditionally, the component C5 resembled a terrestrial humic-like fluorescence
peak and has been observed in various aquatic systems (Coble 2007). Although the
proportional contribution of the component C5 was observed to be similar in the Ganges
and the Pearl Rivers, yet significant differences were shown when months were included
as factors (Fig. 4.5). In the Ganges River, C5 was highest in the month of January (12.96
± 0.30%) and lowest in the month of July (9.18 ± 0.83%). C5 concentration was
intermediate in both August (10.30 ± 0.59%) and December (11.55 ± 0.65%) in the Pearl
River (Table 4.1). Higher values of C5 in January in the Ganges River and in December
in the Pearl River suggest that terrestrial sources contributed to DOM pool during winter
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months due to limited heterotrophic activity due to lower temperatures. In contrast,
elevated temperature levels in the months of July and August supported bacterial activity
and enhanced microbial degradation of terrestrial DOM, which caused lower proportional
contribution of this type of DOM. Additionally, photochemical breakdown of terrestrial
DOM during summer periods potentially reduced the fluorescence levels of this
component. The abundance of this component in many environments is controlled by
simultaneous production and degradation of DOM (Yamashita et al. 2008; Cawley et al.
2014; Chen and Jaffé 2016). Some studies have also suggested this component to be
somewhat refractory in character because it is protected by other molecules that bind to it
(Cory and Kaplan 2012; Cawley et al. 2014).
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Figure 4.5

Distributions of EEM-PARAFAC modeled five DOM compositions in the
Ganges and the Pearl River samples. Same letters represent no significant
difference at alpha = 0.05.

113

4.3.3

DOM optical proxies in the Ganges and the Pearl Rivers
The spectroscopic indices measured in this study displayed clear spatial and

temporal patterns in DOM distribution in the Ganges River as well as in the Pearl River.
In general, BIX and a254 showed an inverse relationship (Fig. 4.6). In the Ganges River,
a254 was significantly lower compared to the Pearl River. A clear distinction between July
and January samples was also evident. The aromaticity optical proxy (a254) suggested
highly aromatic DOM in the month of July in the Ganges River but BIX values were also
observed to be high in the same month. The high aromaticity in the Ganges River
samples in the month of July with corresponding high BIX values suggests that
autochthonous production or biological origin of DOM were in elevated levels of
aromaticity in the Ganges River samples in the month of July. This finding is unlikely to
observe in many aquatic systems. Generally, increase in aromaticity is related to
terrestrial inputs of DOM while high BIX values are associated with autochthonous
production or DOM of biological origin, which contains lower aromaticity in DOM
molecules (Coble 2007; Fellman et al. 2010a; Jaffé et al. 2014). Thus, observing an
increase in both these parameters in the month of July suggest that sources of DOM were
either mostly autochthonous or fresher organic material but were highly aromatic. High
aromaticity in N-rich DOM molecules has been reported in previous studies (Yamashita
and Tanoue, 2003). In the Ganges River samples, high TDN concentrations were
observed (Fig. 4.3), which suggests that highly aromatic N-rich DOM molecules were
exported from terrestrial landscape, especially in runoff from untreated sewage and
industrial effluents (Engelhaupt et al. 2003; Yamashita and Tanoue 2003; Murphy et al.
2011; Carstea et al. 2014). Another source of this type of DOM could be from upstream
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agricultural fields where both organic and inorganic fertilizers are used and may have
entered into the channel in runoff during monsoonal rains (Jordan et al. 2003; Naden et
al. 2010). In contrast, low BIX and high a254 values were observed for the Pearl River
with high average a254 value in the month of December and high average BIX in the
month of August indicating reduction in terrestrial inputs of DOM in August following a
general low-flow period in this watershed. Most of the DOM exports in the Pearl River
follow rain events and hydrological disconnection occurs in the summer between the
river and its flood plain (Duan et al. 2007a; Cai et al. 2016). This may have declined the
terrestrial organic inputs to enter the river and hence lower aromaticity of DOM was
observed. Because of comparatively high autochthonous (e.g., macrophyte and
periphyton) production and/or microbial activity during summer (August) in the Pearl
River in addition to photochemical cleaving of DOM molecules owing to high
temperature and UV radiation levels, high average value of BIX is an expected finding.
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Figure 4.6

Distributions of DOM optical proxies in the Ganges and the Pearl River
samples. Same letters represent no significant difference at alpha = 0.05.

The FI and SR show higher values in the Ganges River compared to those in the
Pearl River (Fig. 4.6 and Table 4.1). High values of FI in the Ganges River suggest that
116

the DOM had precursor material from microbial origin. No significant differences across
months were observed for both the Ganges and Pearl River. The average values of FI in
the months of July and January were 1.69 and 1.71, respectively in the Ganges River,
while FI average values in the Pearl River were 1.48 and 1.46 in the months of August
and December, respectively. These results were found to be similar as observed earlier in
large rivers in the US where lower FI values (1.4-1.5) were reported indicating a
dominance of terrestrial derived DOM (McKnight et al. 2001). In comparison, the lakes
in the US had FI values between 1.6 to 1.9 suggesting autochthonous production and/or
microbially generated DOM (McKnight et al. 2001). In contrast, a few studies suggested
that FI does not strongly correspond to terrestrial DOM pools, hence this index itself
might not be a very good indicator in separating DOM pools in terrestrial systems (Hood
et al. 2006; Roelke et al. 2006). Spectral slope ratio, SR, is extremely useful in
differentiating between high molecular weight (HMW) and low molecular weight
(LMW) organic materials. Additionally, it is useful in tracking the influence of photo
bleaching on DOM molecules (Helms et al. 2008; Helms et al. 2013). The high SR value
indicates a LMW DOM suggesting high primary production in aquatic systems and
possibly photo bleached DOM. Lower SR values are usually dominant in terrestrial DOM
pools where high organic inputs are generated from terrestrial sources with refractory
character (Helms et al. 2008; Singh et al. 2014b). Nevertheless, both these indices (i.e., FI
and BIX) together explained the distribution of DOM qualitatively in the Ganges River
and in the Pearl River. Elevated microbial influence on the DOM quality in the Ganges
River suggests that it potentially has originated from anthropogenic inputs.

117

The high HIX and E2:E3 ratio were 0.71 and 5.63, respectively, in the Pearl
River. These suggested the occurrence of highly humified HMW DOM in the Pearl River
while the lower values of HIX and E2:E3 ratio (0.50 and 5.20, respectively), in the
Ganges River suggest the occurrence of relatively unstable LMW DOM in the Ganges
River (Fig. 4.6). Low HIX values in large rivers are commonly observed phenomena and
have been attributed to dilution of humified DOM due to large discharge (Chen et al.
2011; Sun et al. 2014). In contrast, high HIX in small streams is often associated with
rapid response to precipitation events resulting in high discharge (Graeber et al. 2012;
Halbedel et al. 2012; Singh et al. 2014b). Moreover, higher HIX values are usually
associated with a higher degree of aromaticity, a lower rate of mineralization, and a lower
percentage of oxygen-containing functional groups of DOM (Fuentes et al. 2006; Hur
2011). Changes in HIX value from July to January from 0.41 to 0.59, respectively, in the
Ganges samples could be attributed to high discharge during summer associated with
monsoon rains, which diluted the humic DOM. While in the month of January, when the
base flow conditions dominate during winter, a relatively highly humified DOM export
may occur. A high variability of E2:E3 (Fig. 4.6) in the month of July (5.04) in the
Ganges River suggests that the sources of LMW DOM could be many that include
autochthonous production of periphyton and variable inputs of anthropogenic DOM.
Nonetheless, these optical indices in conjunction with other above stated indices clearly
displayed a distinct character of DOM in the Ganges and the Pearl River samples, and
suggest completely different sources of DOM in these two water bodies. Also, many
physicochemical processes such as hydrological connection/disconnection causing
mixing or dissolution, photo- and bio-degradation, and autochthonous (or microbial)
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production to name a few have contributed to temporal distributions of DOM in these
water bodies.
4.3.4

Correlations and principal component analysis

The correlation analyses of DOM concentrations and compositions revealed strong
associations between the DOM components and the optical indices supporting the
findings from DOM optical proxies and further suggesting the potential origin and
character of DOM in the Ganges and Pearl River watersheds (Table 4.3). The strong
correlation, r = 0.92, between the components C1, a microbial humic-like, and C2, a soilderived terrestrial humic-like components suggest a similar DOM source for both these
components. The source for C1 and C2 were riparian soils and sediments that were
mineralized by the microbial communities, leaving relatively simpler DOM molecules for
further biochemical degradation. The source material for these fluorescence signatures
was rich in organic carbon fractions of DOM. Terrestrially derived humic-like DOM (C1
and C2) were more aromatic owing to their high correlations with a254 and HIX. They
also had higher average molecular weight as evident by their inverse relationship with SR.
Moreover, these materials were diagenetically altered before entering into the streams
and were aged, while the DOM that was either microbially altered or autochthonously
produced within streams was relatively fresh and less humified as evidenced by their
direct relationship with BIX. In a study by Lu et al. (2013), the diagenetic status of DOM
was found as a major control of DOM dynamics in urbanized watersheds of mid-Atlantic
region of USA. The authors also found strong associations between diagenetic status of
DOM and photochemical and biological degradation processes. The correlation between
C3 and C4 was also fairly strong, r = 0.73. Both C3 and C4 were strongly correlated with
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TDN, r = 0.88 and 0.82 respectively, which indicates increased N-rich DOM molecules
were responsible for these fluorescence signals (Table 4.3). Strong correlations of FI with
the components C3 and C4 suggest that microbes played an important role in modifying
DOM character. While the sources of these microbially generated DOM were tracked to
anthropogenic inputs in the Ganges River from multiple sources, which included
agricultural runoff, industrial and municipal waste discharge, and biomass burning.
Lower contributions of the same fluorescence signals in the Pearl River could not be
ascertained in this study.
The principal component analysis of DOM absorption and fluorescence
characteristics based on EEM-PARAFAC analysis revealed discernible differences in the
DOM character in the Ganges and Pearl Rivers, and difference in DOM property owing
to the water sample collection in two seasons (Fig. 4.7). PCA identified two principal
components that together explained 78% of the variation in the DOM dataset. The
loadings for the first PCA axis were most strongly affected by the PARAFAC
components C3, a microbial humic-like component, and C4, a protein-like component.
The loadings for the second PCA axis were most strongly influenced by the PARAFAC
components C1 and C2, which were microbial humic-like and soil-derived terrestrial
humic-like components, respectively. First PCA axis separated the DOM based on
refractory (the negative side on first axis) and labile character (the positive side of the
first axis). The second axis separated the DOM based on young or old stages. Especially
for the Ganges River samples, where fresh DOM was possibly introduced during high
discharge periods in the month of July (monsoon rain with snow-melt waters) and in the
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month of January the DOM was comparatively older organic material from terrestrial
sources.
The humic-like aromatic DOM was pronounced in the Pearl River, which
suggests that aged terrestrial organic materials were flushed into the streams mostly after
the rain events. Because water discharge due to local rainstorms usually controls the
DOM supply to the Pearl River system, local inputs of DOM from forest soils and
riparian wetlands could cause the greater variability in DOM concentration in the Pearl
River (Duan et al. 2007a; Duan and Bianchi 2007). In the Pearl River watershed, late fall
and winter (December) period usually characterized by an increased storm activity
causing increased levels of hydrologic discharge. Moreover, reduced discharge during
summer (August) base-flow period transforms DOM abundance via microbial and
photochemical degradation processes with more light availability and elevated
temperatures (Moran et al. 2000; Lu et al. 2013; Singh et al. 2017). Hence, temporal
DOM distributions could be ascribed to hydrological transport of local inputs and
dominant biogeochemical processes such as photochemical degradation in the Pearl River
system.
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Figure 4.7

Principal component analysis of DOM dataset that include PARAFAC
modeled (C1-C5) components, and DOM indices. Sampling locations and
timings are referred in the legend of the score plot.

In large rivers like the Ganges River, in-situ DOM processing is a dominant
mechanism that changes the character and composition of DOM (Striegl et al. 2007;
Raymond and Spencer 2014). Contribution and dilution from autochthonous production,
runoff from point and non-point sources, and longer residence time as a result of dams
can potentially affect the DOM character and quality in large rivers (Kaushal et al. 2011;
Zurbrügg et al. 2013; Leech et al. 2016). However, the present analysis suggests that the
DOM in the Ganges River is relatively labile and less aromatic low molecular weight Nrich (high TDN). The source could be tracked back to anthropogenic inputs from
agricultural runoff, industrial and municipal waste discharge, biomass burning and
untreated sewage effluents, because DOM from these sources are generally highly
bioavailable and labile than the DOM from natural landscapes such as forests. Moreover,
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high BIX and FI loadings on the positive axis 1 in PCA suggest that the DOM in the
Ganges River was relatively fresh. The summer (July) samples show high inputs of this
fresh organic material into the river from runoff during monsoonal rains that transported
the organic material from upstream as well as from adjacent urban areas of the river
(Pandey et al. 2015). During winter (January), when light availability and temperatures
are at the lower levels, riverine processing decreases due to dormancy in microbial
activity and decreased autochthonous production. Additionally, water level drops causing
base-flow, which causes not much alteration of the terrestrial organic materials that are in
the river. Nonetheless, principal component analysis clearly separated the samples from
both the locations, the Ganges and the Pearl Rivers, and temporal differences in DOM
character were also distinctly observed in this analysis, especially in the Ganges River.
4.4

Conclusions
The DOM concentration and composition via spectral absorption and

fluorescence properties were studied for a large river (the Ganges River, India) and a
small pristine black water river (the Pearl River, USA). The spatial and temporal patterns
for DOM abundance and properties were examined using DOC and TDN concentrations,
EEM-PARAFAC modeled DOM compositions and a suite of DOM indices. Five distinct
DOM compositions (C1-C5) were modeled using EEM-PARAFAC approach. The
Ganges River showed distinctly different DOM character between July and January with
increased fresher terrestrial and anthropogenic inputs in the month of July when monsoon
rains flood the river. The wash-off materials from the riverbanks, point-source inputs of
urban, industrial, and municipal wastes characterized this DOM. Autochthonous
production also contributed to elevated DOM levels in the month of July during summer.
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In comparison, reduced DOM levels were observed during colder month, January. High
riverine processing as well as microbial and photochemical processes dominated the
DOM character in the Ganges River, while temporal patterns of DOM abundance and
composition in the Pearl River was mostly controlled by hydrological discharge
following local rainfall events. Highly aromatic and humic-rich DOM inputs from forest
soils and wetlands were the dominant contributor of DOM in this river system. Also,
removal of these local inputs of DOM through photo bleaching was prominent in the hot
season (August) in the Pearl River. Nevertheless, the temporal patterns of DOM
concentration and composition in both these river systems demonstrated the complexity
of the carbon and nutrient cycling in a large river system in comparison to a small pristine
river.
Thus the supply and removal of DOM in aquatic systems depend on a range of
processes such as mixing water masses, microbial and photo degradation, autochthonous
production, removal of natural forests and wetlands, construction of dams among many
other factors (Aiken et al. 2011; Guéguen et al. 2016). Seasonal variability with multitude
of sources that include both natural and anthropogenic sources can significantly influence
the DOM character and its dynamics in these systems. However, many of these complex
processes and their interactions could be deciphered with high-resolution spatial and
temporal measurements. Additionally, this study emphasized the application of optical
techniques in monitoring and measuring molecular level changes in DOM. These
understandings of the DOM properties are critical for a comprehensive assessment of
biogeochemical processes undergoing in important water bodies on which our society is
heavily dependent upon.
125

CHAPTER V
CONCLUSIONS
This project was carried out in multiple watersheds located in the Gulf-Atlantic
Coastal Plain Physiographic region of the southeast USA and Indo-Gangetic Plain of
India. UV-visible absorption and fluorescence spectroscopy in conjunction with statistical
tools (i.e., PARAFAC, PCA etc.) were used to study the character of dissolved organic
matter (DOM) in these watersheds. In this study, spatial and temporal dynamics of
dissolved organic matter were explored to understand water biogeochemistry influenced
by land use and land cover during low-flow and high-flow conditions. Watershed
intrinsic properties such as proportion of wetland coverage, proportion of agricultural
land, and natural and anthropogenic processes were evaluated to determine their
influence on the DOM properties. Generally, watersheds with greater wetland coverage
contributed larger DOM exports with aromatic and humic-rich DOM character while the
watersheds with greater agricultural and urban coverage showed a distinct DOM response
with bioavailable and non-humic DOM. Principal component analysis and regression
analyses of DOM data indicated that the northern Mississippi lakes were majorly
influenced by agricultural land use, estuarine region was affected by natural DOM export
from forests and wetlands, while the coastal waters were affected by a mix of
anthropogenic and natural inputs of DOM. Temporal variations in DOM properties
suggested variable DOM dynamics across seasons. Spring showed a high DOM
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concentration concurrent with high-flow periods in the small river system while DOM
during summer (low-flow) season was highly influenced by photochemical and biological
degradation processes. DOM quality changed across hydrologic conditions (e.g., highflow versus low-flow) and seasons (e.g., spring versus summer) reflecting variable DOM
dynamics at different times of the year. Anthropogenic loads mainly influenced DOM in
a densely populated and urbanized large river system.
In summary, this study emphasized the application of optical techniques in
monitoring and measuring molecular level changes in DOM, as these are rapid and
inexpensive techniques. Understanding these changes to DOM properties are critical to
study biogeochemical processes related to ecologically sensitive water bodies for a
comprehensive assessment over a range of spatial and temporal scales.
5.1

Significance of this study
This dissertation research focused on investigating the sources, transformations,

and spatial and temporal variations of DOM in multiple aquatic ecosystems primarily
using optical and multivariate statistical techniques. An understanding of the dominant
controls and factors responsible for the sources, transport, transformations, and fate of
DOM helped in advancing our knowledge about the influence of DOM quality and
quantity on the overall water quality of these ecosystems. The role of DOM in carbon and
nutrient cycling with water movement is critical to understand. As future climate change
scenarios predict a greater variation in temperature and precipitation patterns, the flux
and transport of DOM from inland water bodies to receiving coastal waters will change
(Karl et al. 2009; Harvey et al. 2015; Dieleman et al. 2016). These changes in DOM
amount and flux will have significant bearing on the regional and global change in carbon
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movement between various pools (Battin et al. 2008; Bianchi 2011). To study and
manage water quality issues and resources, biogeochemical and hydrodynamic models
for mass circulation and transport are currently being developed (Massicotte and Frenette
2013; Sharip et al. 2016). Hence, an increased understanding of DOM movement
between various pools needs to be included in developing these regional and global
biogeochemical and hydrodynamic models to simulate circulation and estimate
information of mass transport of organic materials with expected/modeled changes in
climate conditions.
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Table A.1

Distribution of all variables including PARAFAC components, optical
indices, biochemical, and physical parameters measured for five lakes, an
estuary, and a coastal region (eastern Mississippi Sound) in the Mississippi,
USA in the study. The number of samples (n) for each water body is shown
in the brackets in the top row.

Water Body
Parameters computed / measured

Lakes
(n = 149)

Estuary
(n = 61)

Coastal
(n = 65)

0.71 ± 0.05b
(0.62 − 0.82)
0.47 ± 0.04b
(0.39 − 0.56)
0.17 ± 0.02c
(0.13 − 0.23)
0.16 ± 0.06b
(0.08 − 0.36)
0.09 ± 0.04b
(0.00 − 0.18)

0.77 ± 0.03a
(0.73 − 0.83)
0.45 ± 0.05c
(0.36 − 0.51)
0.23 ± 0.02a
(0.21 − 0.28)
0.21 ± 0.10a
(0.08 − 0.40)
0.03 ± 0.01c
(0.00 − 0.06)

0.64 ± 0.02c
(0.60 − 0.70)
0.52 ± 0.02a
(0.49 − 0.56)
0.19 ± 0.01b
(0.15 − 0.21)
0.22 ± 0.04a
(0.14 − 0.37)
0.16 ± 0.02a
(0.12 − 0.20)

4.00 ± 3.33b
(0.15 − 23.06)
0.66 ± 0.05b
(0.57 − 0.80)
1.46 ± 0.05b
(1.37 − 1.58)
41.38 ± 16.95b
(13.20 − 89.37)
1.01 ± 0.25b
(0.52 − 2.19)

5.64 ± 3.98a
(1.41 − 28.19)
0.62 ± 0.07c
(0.54 − 0.71)
1.44 ± 0.05c
(1.32 − 1.51)
50.16 ± 27.27a
(21.09 − 138.56)
0.80 ± 0.09b
(0.69 − 1.03)

4.77 ± 3.76ab
(0.60 − 17.18)
0.76 ± 0.03a
(0.66 − 0.80)
1.48 ± 0.02a
(1.43 − 1.54)
18.65 ± 7.14c
(7.37 − 50.54)
1.79 ± 2.44a
(0.74 − 14.32)

0.016 ± 0.002b
(0.013 − 0.028)

0.015 ± 0.001c
(0.014 − 0.018)

0.018 ± 0.003a
(0.014 − 0.035)

0.08 ± 0.06b
(0.00 − 0.33)
0.24 ± 0.28a
(0.00 − 1.94)
0.008 ± 0.009b
(0.000 − 0.047)

0.05 ± 0.03c
(0.00 − 0.15)
0.28 ± 0.18a
(0.06 − 1.04)
0.007 ± 0.006b
(0.000 − 0.027)

0.13 ± 0.05a
(0.01 − 0.29)
0.10 ± 0.08b
(0.00 − 0.34)
0.032 ± 0.018a
(0.009 − 0.086)

PARAFAC Components
Component 1, C1
Component 2, C2
Component 3, C3
Component 4, C4
Component 5, C5
Optical Indices
Humification Indices, HIX
Biological Indices, BIX
Fluorescence Indices, FI
Absorption Coefficients, a254 (m-1)
Spectral Slope Ratio, SR
Spectral Slope, S254-436 (nm-1)
Biochemical Parameters
NH4-N (mg L-1)
NO3-N (mg L-1)
TDP (mg L-1)
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Table A.1 (Continued)
Total Chlorophyll-a, Chl-a, (μg L-1)

15.5 ± 9.1a
(1.5 − 39.3)

8.1 ± 7.0b
(1.0 − 26.5)

3.2 ± 1.6c
(0.4 − 9.2)

Physical Parameters
Temperature, T (°C)

26.7 ± 6.5a
16.9 ± 2.3b
28.4 ± 2.7a
(6.5 − 34.5)
(13.7 − 22.6)
(16.6 − 31.7)
c
b
0.0 ± 0.0
2.9 ± 3.8
23.4 ± 3.3a
Salinity (psu)
(0.0 − 0.1)
(0.0 − 12.6)
(15.6 − 31.9)
b
a
8.1 ± 1.2
9.5 ± 0.8
8.1 ± 0.3b
pH
(6.3 − 11.9)
(8.1 − 11.3)
(7.1 − 8.6)
7.0 ± 1.4a
6.7 ± 1.8ab
6.2 ± 1.7b
Dissolved Oxygen, DO (mg L-1)
(3.6 − 10.7)
(0.7 − 10.5)
(3.4 − 9.6)
The values are shown as Mean ± Std. Dev. Range of the values are shown as (Min − Max). Levels not
connected by the “same” letter are significantly different (p ≤ 0.05).
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